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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly,it is important that all contri- 
butions should be carefully examined before being submitted, to 
make sure that they conform as closely as possible to the following 
instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should be 
submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and ir the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on “Use of Abbreviations” on pages 3 and 4. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see “Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (kh) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘Experimental 
Procedure’’ (or ‘‘Methods’’), (c) ‘“‘Results,’”’ (d) ‘‘Discussion,”’ (e) 
“‘Summary,”’ (f) ‘“‘References.’”’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude witha brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘unpub- 
lished experiments,’’ ‘‘personal communications,’’ etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered bet ween 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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| Instructions to Authors 


should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same forall of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} X 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall,narrow draw- 
ings should be avoided, as should also low wide drawings. Curves 
that can be placed on one chart without undue crowding should 
not be given in separate charts. The drawings should be made 
on Bristol board, blue tracing cloth, or on coordinate paper printed 
in light blue. Mounting on heavy cardboard is undesirable. Pho- 
toengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be 
submitted whenever possible. If it is necessary to submit photo- 
graphic prints because of the excessive size of the originals, these 
should be carefully prepared. All parts of the chart should be in 
even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversize orig- 
inal drawings are submitted, a set of small photographic prints must 
also be included for the use of Referees. A duplicate set of figures 
must accompany the carbon copy of the manuscript. These need 
not be of the same quality as the original figures intended for pub- 
lication, but must be clear and legible for the use of Referees. 

All charts should be ruled off on all four sides close to the area 


occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Letters and 
figures should be uniform in size and style and large enough so 
that no character will be less than 1.5 mm. high after reduction. 
As a rule, the printed figure is one-half or one-third the size of the 
original drawing, but oversize drawings must be reduced still 
further. Drawings which contain letters or characters which do 
not permit of such reduction must be returned to the authors with 
a request that the size of the lettering be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @, 0,8, A, A, @). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 

The Williams & Wilkins Company 
Mount Royal and Guilford Avenues 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 
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Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term which appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 
ated throughout, even where the full name is not (e.g. glucose- 
6-P). Structural analogues of a given compound are not to be ab- 
breviated as if they were derivatives of that compound (e.g. 
the nicotinic acid analogue of DPN). Accepted symbols for ele- 
ments or radicals are recommended where applicable (e.g. 
glycero-P for glycero-phosphate, P-glycerate for phosphoglyc- 
erate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose-6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof. Abbreviations for pteroy]-L-glutamic acid 
derivatives (but not the substance itself) may use PGA for the 
parent compound (e.g. PGA-H,; N*-formyl PGA-H,; hydroxy- 
methy] (or CH,OH-) PGA-H,). (Note that pteroyl-1L-glutamic 
acid is one member of the class of compounds known collectively 
as the folic acids.) However, since PGA has also been used by 
some authors to denote phosphoglyceric acid or polyglutamic 
acid, it is essential that this abbreviation be defined in a footnote 
in each paper in which it is used. 

Accepted Abbreviations—The abbreviations in the list given 
below, may be used without definition. Other abbreviations 


| 


should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (ef. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), 
DPNH 
TPN, TPNH 


diphosphopyridine nucleotide and its 
reduced form 

triphosphopyridine nucleotide and its 
reduced form 

flavin adenine dinucleotide and its re- 
duced form 

nicotinamide mononucleotide 

glutathione and its oxidized form 

coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cv- 
tosine 

the 2’-, 3’-, (and 5’-, where needed for 
contrast) phosphates of the nucleo- 


FAD, FADH, 


NMN 
GSH, GSSG 
CoA, acyl-CoA 


AMP, GMP, 
UMP, CMP 


IMP, 


2’-AMP 3’-AMP (5’- 
AMP), ete. 


sides 

ADP, ete. the 5’(pyro)-diphosphates of adeno- 
sine, etc. 

ATP, ete. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 


deoxy-AMP(dAMP, 
dGMP, dIMP, 
dUMP, dCMP, 
dTMP)* 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol.- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 


the 5’-phosphates of 2’-deoxyribosyl) 
adenine, etc. 


RNA, DNA ribonucleic acid, deoxyribonucleic acid 

RNase, DNase ribonuclease, deoxyribonuclease 

UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. ete. 


For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequence as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu, Neu glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS-, prolyl, phenylalanyl, cysteinyl, half- 


Met, cystyl, methionyl, 

Try, Arg, His, Lys, tryptophyl arginyl, histidyl, lysyl, 
Asp, Glu, aspartyl, glutamy]l, 

Glu-NH2,  Asp-NH2, glutaminy], asparaginy], seryl, 
Ser, 

Thr, Tyr, Hypro, threonyl, tyrosyl, hydroxyprolyl, hy- 
Hylys droxylysyl 


These symbols should be separated from each other by periods 
(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 


* When it is necessary to use d for deoxy, it should be so defined. 
The full prefix requires no such definition. 
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6 Use of Abbreviations 


quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage; never for the free amino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


G,t Fru, Rib, deoxy- 
Rib (dRib), etc.* 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acety] derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, D-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 


t Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 


(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, 
guanine, f etc.): 


pApG 5’-O-phosphory] - adenylyl] - (3’-5’) - gua- 
nosine or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

ApG-cyclic-p 2':3’-phos- 
phate 


for polydeoxyribonucleotides :* 

d-pApGpT 
deoxyguanyly] - (3’-5’) -deoxythymi- 
dine, or deoxythymidyly]-(5’-3’)-de- 
oxyguanyly] - (5’-3’) - deoxy - adeno- 
sylyl 5’-phosphate. 


t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 


(1957). 


Units of Measurement 


Units of Mass 
kilogram kg. 
gram gm. 
milligram mg. 
microgram ug. (not y) 
millimole mmole (not mM) 
micromole umole (not uM) 
Units of Concentration 
molar (mole/liter) M 
millimolar mM 
micromolar 
Units of Length, Area, Volume, etc. 
meter m. 
centimeter cm. 
millimicron my 
Angstrom (10 8cm.) A 
square centimeter em? 
cubic centimeter ce., or em? 
liter l. 
milliliter ml. 
microliter ul. (not 
sedimentation coefficient 8. 


sedimentation coefficient in water at 20°, 
extrapolated to zero concentration 

Svedberg unit of sedimentation coeffi- 
cient sec.) S 

diffusion coefficient (usually given in 
em.2/sec.) D 


8°20 


Spectrophotometric Units 


A = Absorbance = logy (1/7) = logyo (Jo/J) where T = 
transmittance, 79 = intensity of radiation entering the 
medium, J = intensity after traversing the medium 
(The term “absorbance” is preferred to “optical den- 
sity.’’) 

€ = molecular extinction coefficient = AM/be where M is 
molecular weight, b is cell length in centimeters, and c. 
the concentration in grams per I. 


Equilibrium and Velocity Constants 


Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg*t* + ATP“= 
MgATP*-, the association constant is: K = (MgATP?-) /(Mg**) 
(ATP*); (in units of m~). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec. (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in M~ 

The term milligram per cent (mg.%) should not be used. 
Weight concentrations should be given as gm. per ml., gm. per 
100 ml., gm. per L., ete. 
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: looking for a good fraction collector? 
here’s a quick check list of things to look for... 
; 
ly automatic? 
3. 
it up, come back later, find 
results waiting 
tup to 200 samples? 
eds of small fractions give sharper 
rentiation, higher resolution 
. a few drops to 28cc? 
yolume-versatility to handle the full 
range of cutting problems 
or a choice of two methods? 
5 time/flow or routine work, or drop- 
counting for critical accuracy 
= dem rig for doubled output? 
hurries up things when you need results 
TECHNICON T/F FRACTION COLLECTOR | 
fitted with a tandem rig to tinuous progress totalizer? 
double collecting output. shows you at any time exactly how far 
sampling has progressed 
above all 
mA you depend on it? 
1m as it a proven-in-use record which 
n- guarantees soundness of design, rugged- 
ness of construction 
is 
| ¢. ou do not 0 look further. The Technicon Fraction Collector, not only 
alifies o y point above, but on practically any other you can think of. 
8 auto collector has an unmatched record in hundreds of laborato- 
Jlis | ew bver. And that’s important... because a poor collector that’s 
i lo repairs can clog rather than expedite your work load. 
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18 
Wechanized traction collection 
a There’s much more you should know about this time-and-labor saving 
ws instrument. Write today for brochure. 
ee TECHNICON CHROMOTOGRAPHY CORPORATION 
215 East 149 Street, New York 51, N. Y. 
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...from “Hard” Borosilicate 


45160 Centrifuge Tube, Plain. 
Uniform walls in sides, taper and bot- 
tom. Tops have reinforcing beads. 
Large marking spot. In 10, 15 and 50 
ml capacities. 


45197 Centrifuge Tube, Heavy- 
duty. Similar to 45160 but with heavier 
walls to withstand higher speeds in cen- 
trifuging and with glass stoppers. Can 
be used in almost all centrifuge equip- 
ment with stopper attached. In 12 and 
40 ml capacities. 


45196 Centrifuge Tube, Heavy- 
duty, Screw Cap. Similar to 45197 but 


with top finished for plastic screw caps. 
Caps have cemented-in rubber liners. 
Can be used in almost all equipment 
including clinical heads, with caps at- 
tached. In 12 and 40 ml capacities. 


45199 Graduated Centrifuge 
Tube, Heavy-duty. Graduated to con- 
tain. Graduations marked with fused- 
on white enamel for easy reading and 
durability. Uniform inside taper assures 
accuracy of graduations on all tubes. 


37023 Long Tip Pipet. New from 
Kimble. Meets requirements of Com- 
mittee on Microchemical Apparatus. 


lass... Designed | a) 


Calibrated to the tip, without blowoFW 
Ideal for use with deep vessels havgent 
small openings. In 2/10 ml, 5/10 
1 ml, 2 ml and 8 ml capacities. 

45200 Graduated Centrif 
Tube, Heavy-duty, Screw Cap. Si 
lar to 45196 but graduated to conti 
In 10 and 35 ml capacities. “An 


45201 Graduated Centrif 
Tube, Heavy-duty, Stoppered. Si 
lar to 45197 but graduated to cont 
10 ml size takes standard taper stop; 
#13; 35 ml size takes stopper #19. 


KIMAX is available through dealers in 
United States, Canada and principal foreigne 
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jerve you longer under extreme conditions 


lowae’ Kimax apparatus can take 
‘-havg@enty of abuse, thanks to new 
/10 @ard” borosilicate glass. It shrugs 
the effects of centrifuging 
h heavy liquids and extremes 
temperature. 


after repeated contact with acids 
(except HF) and alkalis. 


New Kmax “hard” glass appa- 
ratus enables Kimble to offer 
greater savings because of its 
more complete line. So combine 


glass needs and you may qualify 
for quantity discounts. Ask your 
Kimble dealer for information. 


Kimble Glass Company, your 
most complete source of labora- 
tory glassware, is a subsidiary of 


And Kimax remains cleareven — Kimax apparatus with your lime | Owens-Illinois, Toledo 1, Ohio. 
rif 
4. Si 
= O I 
pans KIMBLE LABORATORY GLASSWARE WENS-LLLINOIS 
#19. 


AN @ PRODUCT 


GENERAL OFFICES + TOLEDO 1, OHIO 
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“VITAMIN-FREE” 
TEST CASEIN 


for Biological Procedures 


In nutritional experimentation the type of protein used may well be 
the most important dietary factor. When ‘‘Vitamin-Free’’ Test 
Casein GBI is the protein of choice in the deficiency diet, uniform 
and consistent depletion of test animals occurs well within the re- 
quired time interval specified by the U.S.P. or other methods. 
‘‘Vitamin-Free’’ Test Casein GBI is prepared by several hot-alcohol 
extractions designed to remove both fat and water soluble vitamins. 
It is therefore biologically free of vitamins A and D as well as the 
B complex vitamins including vitamin B,, and vitamin K. Biological 
tests are run at significant intervals to assure consistent and satis- 
factory results. Each lot bears a control number for identification 
purposes. ‘‘ Vitamin-Free’’ Test Casein GBI has been preferred by 
hundreds of laboratories for over 20 years. 

‘*Vitamin-Free’’ Test Casein GBI is available for immediate ship- 
ment in 5 lb., 25 lb., 100 1b. and 250 Ib. fibre drums. 


Write for GBI Bulletin 15 entitled, “Biological Test 
Diets for Experimental Animals’. This Bulletin de- 
scribes in detail a wide range of prepared diets in which 
GBI “Vitamin-Free” Test Casein is the protein source. 
Included are formula suggestions for diets deficient in 


vitamins, minerals and other factors. Ingredients for 


standard salt mixture formulas are also presented. 


GENERAL BIOCHEMICALS, INC. 


64 LABORATORY PARK + CHAGRIN FALLS, OHIO 
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No cotton picking problems 


... and the liners stay put 
when you use PYRE X”* screw cap ware 


With this line of PyREX screw cap ware you 
can rid yourself of the nuisance and mess of 
cotton plugs in tubes and flasks. 

The cap is chip resistant. The white rubber 
liner is non-toxic, chemically inert and stays 
resilient. And, thanks to our special cement, 
liners stay put even after dozens of sterilizations. 

You get other advantages, too, that add up 
to better performance and long life. Non-cloud- 
ing, inert PYREX glassware resists heat and hard 
knocks. Walls are uniform. Threads are full 
and smooth. Tops are squared for positive seals. 

A sampling is shown to the right. But, for 
the complete line, check your Corning Catalog. 
If you'd like a copy write us at Corning, N. Y. 


Remember, you'll save by grouping al] PyREX 
purchases to get maximum discounts. 


4965 9625 6142 8082 6422 


The PYREX screw cap line includes Erlenmeyer flasks, 
culture tubes, centrifuge tubes with conical or round 
bottoms, plain or graduated, regular or heavy walls. 


CORNING GLASS WORKS 


wy CORNING MEANS RESEARCH IN GLASS 


PYREX taboratory ware... the tested wol of modern research 
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Super-Speed 


REFRIGERATED 
CENTRIFUGE 


% Fully automatic rotor acceleration 

% Push button Electro-Dynamic Braking 
(smooth stopping) 
Accommodation for new continuous 
flow system’ 
Automatic unbalance Electrical Safety 
trip 
Accommodates new 3 liter capacity 
rotor (10,000 X G) 
All Lourdes’ rotors directly inter- 


Model LRA Shown set up for Ghangeaple  imeration efficiency” 
nsurpassed refrigeration efficiency 


continuous flow operation rs 
- Electric tachometer and synchronous 


(Cover normally closed) 
Complete safety controls 


The model LRA is the first automatic refrigerated centrifuge of 
its kind. Like the non-automatic Model LR, it has the newest and 
most efficient refrigeration design ever introduced. By proper 
placement of cutouts, baffles and deflection plates, a smooth 
forced air circulation system is set up. The warm air coming off 
the rotor flows around large surface area cooling coils on the side 
and bottom of the chamber. Upon emergence in the cooled form, 
the air flows onto all portions of the rotor. This system permits 
the cooling of any Lourdes’ rotor from ambient to 0°C within ten 
minutes by spinning at slow speed. Rotor temperatures are easily 
maintained at 0°C and lower during full speed extended runs, 
and as low as —15°C at lesser speeds or for shorter runs. 


By merely throwing a toggle switch, a 1 Hp. motor automa- 
tically accelerates any rotor to a pre-set speed . Lourdes’ electro- 
dynamic push-button braking system provides for smooth rotor 
stopping in a fraction of unbraked stopping time. A time delay 
relay releases the braking action at slow speed and permits the 
rotor to stop naturally without disturbing the sediment. This same 
centrifuge is now available with a 1% Hp. motor drive (Model 
LRA-1) to provide higher speed and force with the smaller rotors. 


’ Each centrifuge comes adapted to accommodate the new 
Lourdes’ continuous flow system at no additional cost. The con- 
tinuous flow rotors with polyethylene liners, in addition to ease of 
operation, assembly and disassembly, also offer fast flow rate, 
high speed and force and greater collection capacity than any 
comparable continuous flow centrifuge. New time saving ap- 
plications for these rotors are being discovered daily. 


Every Lourdes’ instrument is guaranteed for a period of one 
year and this guarantee insures customer satisfaction. 


"Pat. App’d. for 


© Non-Refrigerated centrifuges 


LARGEST MANUFACTURER OF SUPER-SPEED CENTRIFUGES. ESTABLISHED 1944 


LOURDES Instrument Corp. 


S3rd STREET & Ist AVENUE BROOKLYN 32, NEW YORK 
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23 NEW COMPOUNDS... 


ADDED TO: 


Catalog No. 


*NEC-143 
*NEC-144 
*NEC-145 
NEC-137 
NEC-136 
*NEC-146 
*NEC-147 
NEC-140 
NEC-141 
NEC-138 
NEC-139 
*NEC-142 
*NEC-148 
*NEC-149 
*NEC-150 
*NEC-151 
*NEC-152 
*NEC-153 
*¥NEC-154 


Catalog No. 


T 
*NET-30 
FNET-31 
*NET-32 

NET-29 
*¥NET-33 
*NET-34 
FNET-35 
*NET-36 
*NET-37 
*FNET-38 
*NET-39 


*NET-40 
NET-27 
NET-28 


*Announced for the first time. 


NEW ENGLAND NUCLEAR'S extensive list since February 1, 


1958. 


B-Alanine-1-C"“ 
s-Aminobutyric-1 Acid . 
3-Amino-1 ,2,4- triazole-5-C4 
Amyl-1 Alcohol. 
Androst-4-ene-3, 17-dione-4-C4 


Nome 


1-Ascorbic-1-C" ‘Acid 


Benzaldehyde-7-C" (as bisulfite complex) 
Betaine-methyl-C™“ Hydrochloride ._. 
Choline-methyl-C'* Chloride 

Cyanuric-2 ,4,6-C™ Chloride 
Dicumerol-methylene-C" 


Diethyl-1-C Ether . 


-Hydroxyprogesterone-4- cu 
Hypoxanthine-8-C’ 

Putrescine-1 Dihydrochloride 
‘Sodium Propionate- 
Triethylenemelamine-2 , 4 ,6-C™ (TEM) 
2.4,5- Trichlorophenoxyacetic-1 -C' Acid . 


Vinyl- 1,2-C™ Acetate 


p-Aminohippuric-2-H? Acid . 
Cholesterol-7-H*? .. 
Cyclohexane-H?* 
Cyclopentane-H? . 


Cytidine-H# 


Dehydroepiandrosterone-7 « «-H? Acetate . 
Ethylene-1 ,2-H* Bromide 


Name 


Ethyl-2-H?* ‘Bromide . 


-Hydroxypregnenolone-7 

Methylcyclohexane-1,2-H* 
n-Pentane-1,2-H’*. 

delta 5- Pregnenolone-7 -H? 

n-Propylbenzene-H? . 

Stearyl-9, 10-H? Alcohol 

Thymidine-H?. 


Uridine-H?. 


siemens Limited supply. 


Sales Representatives: ATOMIC ASSOCIATES, INC., PACK- 
ARD INSTRUMENT SALES CORP., RADIONICS, LTD., 
(MONTREAL). 


10 mi 


new eng 


575 ALBANY STREET 


Minimum Order 


Sooos 


ries 


Of 


uries 


Specific Activity of 


Present Stock 


5.8 mc/mM 
2.2 mce/mg 
100 mc/mM 
4.0 mc/mM 
In process 
2.6 mc/mg 
3.6 mc/mM 
27 mc/mM 
2.6 mc/mg 
50 mc/mM 
50 mc/mM 
2.2 me/mg 
3.7 mc/mM 
62 mc/mM 
900 mc/mM 
680 mc/mM 


land 


Price /me 
$400/me 
400/me 
275/me 
300/me 
3.00/microcurie 
700/me 
450/me 
450/me 
350/me 
375/me 
425/me 
600/mc 
15.00/microcurie 
600/me 
400/me 
450/me 
700/me 
450/me 
500/me 


Price per Minimum Order 


$75/me 
100/me 
125/25 mes 
125/25 mes 
100/me 
100/me 
150/10 me 
175/10 me 
100/mc 
125/25 mes 
125/25 mes 
100/me 
75/10 mes 
75/5 mes 
100/me 
100/me 
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Complete radioisotope counting 
biological or clinical 


Medel 6000 Dynacon: Designed espe- 
cially for soft beta emitting isotopes, » 
the Dynacon will accept and measure 
gas, liquid, and solid samples ranging 
in activity from a millicurie to a micro- 
microcurie without dilution or absorp- 
tion techniques. It is the ideal system 
for making continuous gas flow meas- 
urements in plant uptake and animal 
metabolism studies when used with 
a flow-type ion chamber. Its precision 
design provides highest possible repro- 
ducibility. Sample activity may be read 
directly in microcuries or dis./sec. on 
meter and recorder. 


@ DS5-5 Well Scintillation Counter: This 
gamr.ia-sensitive counter, used here 
with Model 132 Analyzer Computer, 
provides extremely efficient measure- 
ment of low level gamma-emitting sam- 
ples in liquid or solid form. Counter 
may be used with most scalers, has 
unique dual-electronics for use with 
gamma-ray spectrometer systems. 


Model C11I0A Automatic Sample Changer: 
The world’s most popular system for 
automatic counting of radioactive 
samples. For use with either the D47 
gas flow counter or mica end window 
counters for beta emitting samples, or 
with scintillation detectors for gamma 
emitting samples. System accepts up 
to 35 samples—requires no attention— 
presents printed data. 


sClear-Chicago 
supplies radiochemicals of 
‘Research Quality'’. Hun- 
dreds of packaged C-14, 
S-35 and P-32 Compounds, 
many in license-exempt 50 
microcurie quantities. Guar- 
anteed 24 hour shipment on 
most orders. 
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systems for any 
research need 


For more than 12 years Nuclear-Chicago has been the largest 
supplier of radioisotope measuring and counting instruments for 
biological and clinical research. No matter what the research 
requirement may be, there is a Nuclear-Chicago superbly designed, 
service-proven Counting system you can depend on for fast, 
accurate and economical results. One of the five systems described 
here may fit your specific problem. Collectively, the five 

cover virtually every radiation measuring need in the biological 
and clinical research field. We'll be glad to consult with 

you and recommend the Nuclear-Chicago system or systems 

to fill your instrumentation needs. 


& 
Medel D47 Gas Flow Counter: An extremely 
efficient detector for samples emitting soft 
beta radiations—C", S*, H*. Features the ex- 
clusive removable ‘‘Micromil’’ window. 
Shown with Model M-5 Manual Sample 
Changer, an ideal system for laboratories count- 
ing small or moderate numbers of radio- 
active samples. 


@ Actigroph I: An improved scanning system for 
recording automatically the position and total 
activity of separated radioactive zones on a strip 
chromatogram. Two reels accommodate strips 
up to 50 feet in length allowing single short 
strips to be spliced end-to-end for continuous 

operation without attention. A wide choice of 

detectors may now be used including G-M 

tubes, windowless gas flow counters, and scintilla- 

tion detectors. Increased sensitivity is provided 
through improved geometry. 


¢ Complete Research Laboratory: 
Here is the most versatile and 
complete nuclear laboratory for 
biological and clinical research. 
It embodies the five radioisotope 
counting systems shown on these 
pages, each one offering famous 
Nuclear-Chicago quality design 
and manufacture. This complete 
laboratory (excluding furniture) 
costs surprisingly little, less than 
$12,000. Individual complete 
counting systems are available 
from $600 to $3,000. Write for 
our General Catalog for full 
details of all Nuclear-Chicago 
instrumentation. 


nuclear - chicago 
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Farrand Gratings, produced in our own 
plant on the FARRAND-STRONG Ruling 
Engine, are the world’s most precise! 


TYPE: Master, Plane Reflection. 

SIZE: Ruling 5” wide x 2.8” long. 

LINES PER INCH: 14,400. 

EFFICIENCY: 65-85% of Incident Energy in 
Blazed Region. 

GHOST INTENSITY: Less than 0.1% in First Order 
of 5500 

RESOLUTION: 100% of Theoretical in Third Or- 
der or Better. 

HIGH ENERGY RESOLUTION DISPERSION 

AND SPECTRAL PURITY 


High resolution and unusual versatility. 
Small, compact and convenient. Suitable 
for a wide variety of applications. 


Ultraviolet ..............220-440 mu 
Uv-Visible ...............220-650 mu 
Visible ............. ...400-700 mu 
Infrared ...............700-1400 mz 
Infrared ...............700-2800 mz 


For complete details, Bulletin No. 81) 


For Assay, Identification and Analysis of 
FLUORESCENCE — FLUORESCENCE AND 
TRANSMITTANCE — FLUORESCENCE AND 
REFLECTANCE in the Ultra Violet, Visible and 
Infrared Regions. 


Bulletin No. 820 describes manual, automatic re- 
cording and oscilloscope models. 
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First compstlation and summary 


of the subject... 


Wikler: RELATION 
OF PSYCHIATRY TO 
PHARMACOLOGY 


This study of the effects of drugs used in psychiatry in the 
treatment or investigation of the functional behavioral 
disorders is based on a survey of the literature during the 
period 1930 to 1955. It is the first general compilation and 
summary of this important subject. Drugs reviewed at length 
are insulin, carbon dioxide, barbiturates and other anesthetics, 
amphetamine and methamphetamine, pipradrol, 
chlorpromazine, reserpine, meprobamate, azacyclonol, 
d-lysergic acid diethylamide, and mescaline. Epinephrine, 
norepinephrine, acetylcholine and methacholine, pituitary 
adrenal hormones and other potent analgesics are considered 
in relationship to the other drugs. 

Taking the position of an “experimental psychiatrist” 
rather than a “pure pharmacologist,” the author arranges his 
material in two sections: “The Effects of Drugs on Human 
Behavior” (how drugs have been used and what effects have 
been observed under clinical conditions) and ‘Theories and 
Mechanisms of Drug Action” (the correlation of changes 
drugs produce in human behavior with changes such agents 
effect in cerebral metabolism, neural organization, and 
environmental adaptation). 

This book is an important step toward improved 
communication between the psychiatrist and the 
pharmacologist and the recognition that drugs can be used as 
tools to detect and manipulate variables relevant to the 
determination of human behavior, normal or abnormal. 

By ABRAHAM WIKLER, M.D., National Institute of Mental Health, 


Addition Research Center, Department of Health, Education, 
and Welfare, Public Health Service Hospital, Lexington, Kentucky 


332 pp. (1957) + Price: $4.00 


Please send the following on approval: 


THE WILLIAMS AND WILKINS COMPANY 
Baltimore 2, Md. 
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BIOCHEMICAL PREPARATIONS 


Volume VI 


Editor-in-Chief: Carl S. Vestling, University of Illinozs. 
Operating in the forefront of biochemical research, Bio- 
chemical Preparations is the only series available in which 
tested procedures are described in great detail. In the 
same tradition as the earlier five volumes, Volume VI 
offers reliable methods for preparing essential substances 
of interest which cannot be obtained readily from com- 
mercial sources, or which are expensive to buy. The 
preparations listed can be accomplished with easily 
available materials. The procedures lead to the isolation 
or synthesis of research and include full characterization 


data. 


CHEMICAL TRANSFORMATIONS BY MICROORGANISMS 


By Frank H. Stodola, Pioneering Laboratory for Micro- 
biological Chemistry, Northern Utilization Research and De- 
velopment Division, Agricultural Research Service, U. S. 
Department of Agriculture. This book is based on the 
second series of E. R. Squibb Lectures on Chemistry of 
Microbial Products at the Institute of Microbiology, 
Rutgers University. It provides a centralized source of 
information on three main types of research in micro- 
biological chemistry—the chemical composition of 


microorganisms; the organic type reactions they carry 


Contents... 


Crystalline Animal Cytochrome c. Deoxyribonucleic 
Acid. 2,3-Diphosphoglyceric Acid. L-a-Glycerophos- 
phorylcholine. 3-Hydroxyanthranilic Acid. B-Hydroxy- 
8-Methyglutaric Acid. Insulin. Lanosterol from “‘Iso- 
cholesterol’’. Leucine Aminopeptidase. a-Methylserine 
and Bis-CHydroxymethyl)-Glycine. Crystalline Horse 
Oxyhemoglobin. Old Yellow Enzyme. Crystalline Papain 
and Benzoyl-L-Argininamide. Crystalline Muscle Phos- 
phorylase b and Conversion to Phosphorylase a. Phos- 
phoserine. Ribonucleic Acid. Ribulose Diphosphate. 


DL-Tryptophan-7a-C'*. 1958. 10s pages. $ys.2s. 


out; and their synthetic powers. Gathering together 
material which has been dispersed throughout the 
literature, the author illustrates the extent to which the 
study of microorganisms has enriched organic chemistry 
and biochemistry both from the fundamental and the 
practical point of view. 


Contents... 


The Chemical Anatomy of Microorganisms with Special 
Reference to Mycobacterium Tuberculosis. Organic Type 
Reactions of Microorganisms. Synthetic Powers of 
Microorganisms. 1958. 134 pages. $4.25. 


SYMPOSIUM ON PROTEIN STRUCTURE 


Edited by Albert Neuberger, St. Mary's Hospital Medical 
School. This book reports on a symposium sponsored by 
the Protein Commission of the Section of Biological 
Chemistry of the International Union of Pure and Ap- 
plied Chemistry, Paris Meeting, July 25-29. It repre- 
sents a general survey of protein chemistry. The question 
of homogeneity, or ‘‘purity’’ of proteins, is also con- 
sidered. The 36 papers are written in three different 
languages—English, French and German. 


Contents... 


GENERAL PROBLEMS AND METHODS. Factors af- 
fecting the structure of hemoglobins and other proteins. 
Deuterium exchange and protein structure. The config- 
uration of globular — in aqueous solution and its 
dependence of pH. Uber die Artspezifitat der Protein- 
struktur. Comparative studies in the field of protein 
microstructure. Zone electrophoresis and chromatog- 
raphy as methods for the purification and characteriza- 
tion of proteins. The characterization of lower molecular 


weight proteins by dialysis. Quantitative Papierchroma- 
tographie der Aminosauren durch Isotopenverdunnung. 
SPECIFIC PROTEINS: HAEMOGLOBIN AND MYO- 
GLOBIN. Crystallographic studies of myoglobin. Fur- 
ther study on myoglobin. PROTEOLYTIC ENZYMES. 
Etude de quelques proteolyses limitees du chymotryp- 
sinogene de boeuf. Some studies on the structure and 
activity of papain. RIBONUCLEASE. Studies on the 
structure of ribonuclease. The structure of ribonuclease 
in relation to its enzymatic activity and physical prop- 
erties. TOBACCO MOSAIC VIRUS. Degradation and 
structure of tobacco mosaic virus. Strukturuntersuch- 
ungen am Protein des Tabakmosaikvirus. OTHER PRO- 
TEINS AND PEPTIDES. Nouvelles donnees concernant 
la structure du lysozyme d'’oeuf de poule. The isolation 
of an immunologically active fragment of bovine serum 
albumin. Species variation and structural aspects in some 
pituitary hormones. 1958. 351 pages. $7.75. 


Send for examination copies. 


JOHN WILEY & SONS, Inc. 


440 Fourth Avenue, New York 12, N. Y. 
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ORGANIC SEQUESTERING AGENTS 


A Discussion of the Chemical Behavior and Applications of 
Metal Chelate Compounds in Aqueous Systems 


By Stanley Chaberek, The Dow Chemical Company and 
Arthur E. Martell, Clark University. This book stresses 
two important areas of coordination compounds that 
have not been adequately treated in previous works. It 
offers a clear, straightforward, and up-to-date discussion 
of the principles governing the interaction of metal ions 
with aqueous complexing and chelating agents; and pro- 
vides a comprehensive summary of the many applica- 
tions of chelating agents and metal chelates. The author 
develops the subject by employing the principles involved 
in the behavior of metal chelates as a basis for under- 
standing the varied functions and uses of chelating 
agents and metal chelate compounds. 

The major portion of this book is a discussion of appli- 
cations in the three general areas in which sequestering 
agents have been found to be particularly useful: ana- 
lytical chemistry (titration of metals); control of metal 
ions for industrial purposes; and applications to bio- 
logical systems. 


Special features... 


@employs structural and graphic formulas of co- 
ordination compounds as a means of explaining 
the properties and applications of sequestering 
agents 


@ demonstrates how the uses of aqueous germane, 
are governed by the special properties of meta 
chelate compounds 


@ devotes an entire chapter to metal buffers 


@ discusses the analytical techniques used in the 
study of metal titrations 


@ presents the experimental background in sufh- 
cient detail to give both a theoretical back 
ground and suggestions for practical applica- 
tions 


1959. Approx. 596 pages. $18.50 


PHYSIOLOGY OF FUNGI 


By Vincent W. Cochran, Wesleyan University. With the 
belief that the fungi, at the cellular and molecular levels, 
should be studied on a comparative basis, the author has 
applied modern concepts of biochemistry to the funda- 
mental physiological problems of these organisms. Bac- 
terial physiology, particularly, has been taken into 
account. Much use is made of the more developed know]- 
edge of the bacteria in interpreting fragmentary infor- 
mation on the fungi. The known facts about the physi- 
ology of the fungi have been summarized, and indications 
have been made of some of the immediate questions of 


the future in this field. The scope includes the major 
problems of fungus physiology, with pertinent references 
to related subjects. The filamentous fungi and actino- 
mycetes, and that work on yeasts which has a direct 
bearing on the physiology of the true fungi, are scruti- 
nized intensively. Since the book is intended for the 
student and researcher in all fields of migobiology, the 
references are selected to give most of the work of the 
last three decades, and to reveal the significant trends of 
the entire literature. 1958. 524 pages. $9.75. 


PHYSICAL LAWS AND EFFECTS 


By C. Frank Hix, Jr. and Robert P. Alley, both of the 
General Electric Company. This book offers a compilation 
of both familiar and unfamiliar physical laws and effects. 
The work is comprised of three different cross reference 
systems, indexed in such a manner that pertinent infor- 


mation can be located rapidly. The first reference de- 
scribes the laws and effects in alphabetical order; the 
second lists them by physical scientific disciplines; and 
the third, the most novel system in the book, lists them 
by physical quantities. 2958. 297 pages. $7.95. 


AN INTRODUCTION TO THE 
CHEMISTRY OF FATS AND FATTY ACIDS 


By F. D. Gunstone, St. Andrews University, Scotland. In 
this work the author bridges the gap between the long 
and advanced but excellent monographs bearing on the 
subject of the chemistry of fats, and the inadequate 
treatment given in most books of organic chemistry. The 


book should be of special interest and value to the many 
chemists who, without prior training in this branch of 
chemistry, are working with one or another of its many 
industrial applications. 2958. 161 pages. $6.00. 


Send for examination copies. 
440 Fourth Avenue, New York 16, N. Y. 


JOHN WILEY & SONS, Inc. 
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for immediate shipment 
_ from our stock... 


OHAUS 


MOISTURE 
DETERMINATION 


BALANCE 


A new type of Moisture Determination Balance 
offering many advantages not heretofore available 


For accurate determination of moisture percent 
of any granular solid, semi-solid or liquid 
which can be dried safely by heat 


A combination drying unit and precision balance for measuring the moisture content 
of 10 gram samples of a wide variety of materials with a sensitivity of +0.1%. Can 
also be used as direct reading balance, sensitivity 0.01 gram. 
Balance is of the substitution type. Loss of weight on the beam caused by evapora- 
Suitable for: tion of moisture from the sample is compensated for by the addition of chain to one 
coment arm of the beam. Chain is added by turning the graduated dial on front of the instru- 
ee ment. Knife edges are of hardened, ground and polished steel. Bearing surfaces are 
linical of long-wearing agate. Beam is provided with zero adjustment. Entire system is 
—— magnetically damped. A shadow type indicating vane gives immediate indication 
specimens of balance position. 
cosmetics @ The 650 watt infrared heater provides rapid, even evaporation and is adjustable 
dairy products both in percentage output and in distance above the sample. Heating chamber has 
detergents a heat-resistant handle for safety and a Pyrex glass window for observation of the 
fertilizers sample. Timer automatically shuts off the heat at any period from 1 to 60 minutes. 
flour 
food Advantages 
grain Manually operated precision balance, chain weighing substitution type. 
leather Heating temperatures can be varied during the drying process. 
paper Takes samples up to 10 grams. 
pesticides ; Direct readings of loss can be made periodically during the drying period, enabling the 
pharmaceuticals operator to plot weight loss against time and heater adjustment for reproducible 
plant materials determinations. 
seeds Sample can be observed during the drying process. 
sewage Pan is readily accessible. 
soaps Disposable pan liners of aluminum foil save cleaning time. 
nll Pan remains stable when loaded off center or with liquids. 
<a Removable clean-out tray under pans prevents spillage from entering the balance. 
tobacco BALANCE, Moisture Determination, Ohaus No. 6000, as above described, overall dimensions 12% X — 
10 X 15 inches high; complete with 25 disposable pan liners. For 115 volts, 60 cycles, a.c....... 295.00 g 
More detailed information sent upon request 
QUALITY AND SERVICE 
ARTHUR H. THOMAS COMPANY 


a More and more laboratories rely on Thomas Laboratory Apparatus and Reagents 
VINE ST. AT BRD PHILADELPHIA PA. 
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CORRECTIONS 


On page 70, Vol. 229, No. 1, November, 1957, Table I, column 7, line 15 should read —17° 
instead of —170 and on page 75, Table IV, column 4, line 10 should read 0.22 instead of 0.87. 


On page 599, Vol. 230, No. 2, February 1958, the structural formula of Acid IV (Formula 
V) is incorrect. The OH at position 7 should be connected with the steroid nucleus by a 
solid line. : 


On page 163, Vol. 231, No. 1, March, 1958, the second sentence of the addendum should 
read: A direct comparison of the infrared spectrum of 58,108-estrane-3,17-dione with that 
of the chromic acid oxidation product of 19-noretiocholan-3a-ol-17-one showed that the two 
compounds were identical. 


On page 17, Vol. 231, No. 1, March 1958, first line, last paragraph, should read “Morgan- 
Elson reaction,” instead of “Elson-Morgan reaction.” 


On page 69, Vol. 232, No. 1, May 1958, Fig. 4, should read “pH 10,” instead of “pH 8.” 


On page 544, Vol. 232, No. 1, May 1958, first line, should read “from the EtOH extract 
15 ml. of water,” instead of “5S ml.” 
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Synthesis of Vinyl Phosphate, a Possible Intermediate in 
Carbohydrate Metabolism and Photosynthesis 


Ericu Barer, Liupvikas J. CIpLIsAUSKAS, AND, TEUNIS VISSER 


From the Subdepartment of Synthetic Chemistry in Relation to Med‘cal Research, Banting and Best 
Department of Medical Research, University of Toronto, Toronto, Canada 


(Received for publication, June 23, 1958) 


It is now well established that phosphate esters are essential 
intermediates in a wide range of biochemical conversions. Un- 
suspected instability of some of these esters has, on previous 
occasions, delayed their positive identification in biological 
materials. For example, glyceraldehyde-3-phosphate and di- 
hydroxyacetone phosphate, which had long been suspected to 
be intermediates in fermentation and glycolysis, were identi- 
fied only after a synthesis of p1i-glyceraldehyde-3-phosphate 
(1) had revealed its chemical properties, and had suggested 
methods for the isolation of the highly labile triose phosphates. 
It seems probable that our knowledge of the intermediates in 
carbohydrate metabolism, and particularly of those involved 
in photosynthesis, is by no means complete. The possibility 
that vinyl phosphate is one of the unknown intermediates in 
anabolism and catabolism of carbohydrates has been considered 
by various workers. Involvement of vinyl phosphate in both 
biochemical degradation and synthesis of phosphate esters of 
the 3-carbon acids can readily be envisaged. Scheme I suggests 
tentatively the relationship of vinyl phosphate to such esters 
by carboxylation and decarboxylation reactions, and its decompo- 
sition to the penultimate product of fermentation, acetaldehyde. 


COOH 
C—OPO;H, — H—C—OPO;H; — 


CH: 
HC=0O 


CH: 


CH: CH; 


ScHEME I 


As expected, vinyl phosphate was found to be hydrolyzed 
fairly rapidly at room temperature with phosphoric acid and 
acetaldehyde being formed. Hence it might be argued that 
the substance could not possibly serve as an intermediate in 
aqueous systems except during degradation. However, its 
stability towards hydrolysis increases considerably on esteri- 
fication. To liberate acetaldehyde from diesters of vinyl phos- 
phate, either a strong acid at high temperature or a catalyst 
(a mercuric salt) is required. It is possible that biologically 
formed vinyl phosphate may be linked via its phosphoric acid 
to some material that confers greater stability on it. 

The synthesis of vinyl phosphate has not yet, to our knowledge, 
been satisfactorily accomplished. A method yielding an aqueous 
solution containing a compound with the properties expected 
for vinyl phosphate has been reported by Fager (2). The 


synthesis of esters of vinyl phosphoric acid has been carried out 
by several methods (3-9), but none of these seemed suitable 
for the synthesis of vinyl phosphoric acid itself. On the other 
hand, some of the procedures that had been developed for the 
synthesis of vinyl esters of organic acids (10-16) seemed applica- 
ble also to the synthesis of vinyl] phosphoric acid. Of these, 
the method of Toussaint and MacDowell (13) for the prepara- 
tion of vinyl esters of higher aliphatic acids by a mercuric ion- 
catalyzed exchange reaction between vinyl acetate and the ali- | 
phatic acid appeared to be the most promising one for the 
preparation of vinyl phosphoric acid. 

In accordance with the procedure of the above authors, a 
mixture of vinyl acetate, crystalline orthophosphoriec acid, and 
mercuric acetate was heated to boiling under reflux (Equation 


1,R = CHs). 

mercuric 

acetate (1) 
CH.=HC—OPO;H: + R-COOH 


CH:=HC—OCO-R + 


The mixture, however, turned dark almost immediately with 
the formation of tarry condensation products. There was 
some indication that an exchange had taken place, but evidently 
the vinyl phosphate had undergone further reactions at the 
temperature of the boiling vinyl acetate. Subsequently, num- 
erous experiments were carried out in which the reaction time 
and temperature, as well as the molar ratios of the reactants, 
were varied in order to establish more suitable conditions for 
the transesterification process. As a result, it was established 
that if a solution of approximately 1 gm. of crystalline ortho- 
phosphoric acid and 20 mg. of mercuric acetate in 20 ml. of vinyl 
acetate is kept, with stirring, for 1 hour at 30° + 1°, a reaction 
mixture is obtained that contains considerable amounts of vinyl 
phosphate, but that is, nevertheless, almost colorless. 

Upon the addition of petroleum ether, an oil precipitated 
which consisted of a mixture of vinyl phosphate, small amounts 
of inorganic phosphoric acid, pyrophosphoric acid! (identified 
by its white, water-insoluble, silver salt), and possibly vinyl 
pyrophosphate, divinyl phosphate, and phosphate esters of 
acetaldehyde condensation products. Somewhat purer vinyl 
phosphate preparations were obtained by dissolving the oily 
precipitate immediately in an inert solvent, such as anhydrous 
ether or dioxane, and fractionally precipitating the reaction 


1 We have observed that polyphosphorie acids are formed from 
phosphoric acid by the action of mercuric acetate on its ethereal 
solution. 
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product with petroleum ether of low boiling points. At room 
temperature, especially when the attempt was made to remove 
adhering solvents, the mixture decomposed with the liberation 
of acetaldehyde and the formation of a black residue. For 
analysis, the fractions were dissolved immediately in anhydrous 
ether or dioxane, and the molar ratios of phosphoric acid and 
acetaldehyde were estimated. Our best fractions were found 
to contain phosphoric acid and acetaldehyde in almost theoreti- 
cal ratios (1:1), but still they were contaminated with con- 
siderable amounts of pyrophosphate (15 to 20 per cent) and 
condensation products of acetaldehyde. Attempts to remove 
these by other methods were unsuccessful. When we replaced 
the vinyl acetate with vinyl formate?) (Equation 1, R = H) 
and carried out the transesterification at higher dilution (1 gm. 
of phosphoric acid per 40 ml. of vinyl formate), we obtained 
phosphorus-containing transesterification products, which upon 
separation by fractional precipitation, gave vinyl phosphoric 
acid preparations containing usually not more than 5 per cent 
of pyrophosphates or acetaldehyde condensation products. 
Viny] formate, however, is not readily obtainable commercially. 
Therefore, when it was found that addition of ethylenediamine- 
tetraacetate tetrasodium salt to the reaction mixture also re- 
duces the formation of Hoth pyrophosphates and condensation 
products of acetaldehyde, we returned to the use of the more 
readily available vinyl acetate. Attempts to obtain material 
for elementary analyses by freeing the vinyl phosphoric acid 
from adhering solvents in a vacuum led to the decomposition 
of the vinyl ester. It was observed, however, that the vinyl 
phosphoric acid can be kept for several days with apparently 
very little decomposition if it is dissolved immediately in an- 
hydrous ether or dioxane, provided the concentration of the 
ester does not exceed 0.5 per cent, and the solution is kept in 
the cold. The analysis for phosphoric acid, pyrophosphoric 
acid, acetaldehyde, and condensation products of acetaldehyde 
disclosed that the dissolved material contained phosphoric acid 
and acetaldehyde in a molar ratio of 1.00:0.95, and that pyro- 
phosphoric acid and acetaldehyde condensation products amount 
to 3.2 per cent and 2.3 per cent of the total phosphoric acid and 
acetaldehyde, respectively. 

The transesterification product gave reactions which were 
consistent with those expected of vinyl phosphoric acid. In 
dilute hydrochloric acid, the material was hydrolyzed rapidly 
and formed approximately equimolecular amounts of phosphoric 
acid and acetaldehyde. This acidic hydrolysis proceeds so 
rapidly that no distinction between bound and free phosphoric 
acid was possible by the customary methods for the determina- 
tion of phosphoric acid. When added to a lukewarm solution 
of 2,4-dinitrophenylhydrazine in 2.5 n hydrochloric acid, the 
product rapidly formed acetaldehyde 2 ,4-dinitrophenylhydra- 
zone. The rate of formation of this precipitate is similar to 
the rate of that from another water-soluble vinyl ester, vinyl 
formate. Upon cautious addition of diazomethane to a cold 
ethereal solution of the vinyl phosphoric acid, with care to avoid 
an excess of diazomethane, and fractional distillation of the 
reaction product in a vacuum, a fraction was obtained that 
contained considerable amounts of dimethylvinyl phosphate. 
The methylation product, however, contained somewhat less 
bound acetaldehyde per mole of phosphoric acid than did the 


2 We wish to thank Dr. Donald D. Clarke for recommending 
to us the use of vinyl formate. 
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original material, perhaps as the result of a partial loss of the 
vinyl group during the preparation of the ester. 

Since, on removal of solvents, the vinyl phosphoric acid de- 
composes at too rapid a rate to permit its isolation in a pure 
state, various salts were prepared in the hope that these would 
prove more stable and facilitate further purification. The 
salts examined were those of the cyclohexylammonium, di- 
methylanilinium, pyridinium, brucinium, ammonium, lithium, 
and magnesium cations. Of these, only the pyridinium and 
lithium salts were obtained in a reasonably satisfactory degree 
of purity. However, even these salts were not stable enough 
to allow further purification after the initial precipitation. 
The preparation of the pyridinium and lithium salts of vinyl 
phosphoric acid is described in “Experimental.” 

The composition of the monopyridinium and dilithium vinyl 
phosphates, the latter obtained via the pyridinium salt and 
containing 1 mole of ethanol, varied slightly from experiment 
to experiment even with the methods of preparation finally 
adopted (cf. Tables I and II below). 

The rather facile hydrolysis of vinyl phosphoric acid in acidic 
solution, as indicated by the rapid formation of acetaldehyde 
2,4-dinitrophenylhydrazone, aroused some suspicion as to its 
structure. However, the facts that it yields salts containing 
bound acetaldehyde, and that, on methylation with diazo- 
methane, it forms a methyl ester in which the vinyl group 
is as firmly bound as in authentic esters of vinyl phosphoric 
acid, effectively dispose of any possibility that it is merely a 
physical mixture of acetaldehyde and phosphoric acid in the 
fortuitous molar ratio of 1:1, or else a carbonyl addition com- 
pound or complex of acetaldehyde and phosphoric acid. The 
vinyl ester structure of the transesterification product receives 
further support by the presence of a strong absorption band in 
the infrared spectrum at 6.08 w (dioxane) which is shown by 
esters of vinyl phosphoric acid (4, 9) and is characteristic of 
the vinylic double bond. 

Viny! phosphoric acid, as an enol ester, may be expected to 
yield on hydrolysis a standard free energy decrease of the same 
order of magnitude as phosphoryl-enolpyruvic acid. This 
would place the vinyl phosphoric acid in a group of compounds 
that is referred to generally as containing “high energy phos- 
phate bonds” (17-19). 


EXPERIMENTAL 


Materials—Stabilized vinyl acetate (practical grade) was 
obtained from the Eastman Kodak Company, and the vinyl 
formate, from The Borden Company. Both preparations, 
which should be of recent manufacture, were redistilled im- 
mediately before use, and a first fraction amounting to approxi- 
mately 10 per cent of the original volume was discarded. Diethyl 
ether and petroleum ether (b.p., 35-60°) were distilled and stored 
over metallic sodium. The dioxane was purified and dried as 
described by Hess and Frahm (20). Anhydrous ethanol was 
prepared by the method of Lund and Bjerrum (21). The 
anhydrous pyridine was obtained by refluxing pyridine (analyti- 
cal reagent grade) over barium oxide, and distilling the product 
with careful exclusion of moisture. The mercuric acetate and 
tetrasodium salt of ethylenediaminetetraacetic acid (practical 
grade) were dried in a vacuum at room temperature over phos- 
phorus pentoxide. Anhydrous lithium acetate was prepared 
by dissolving lithium carbonate in slightly more than the 
theoretical amount of dilute acetic acid, filtering the solution, 
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removing most of the water by distillation in a vacuum, and 
driving off the residual water by placing the concentrate in an 
oven at 130°. To prepare a 2 per cent ethanolic solution of 
lithium acetate, 1.0 gm. of the salt was added to 50 ml. of an- 
hydrous ethanol, and the mixture was shaken for 1 hour and 
cleared by centrifugation. 

Crystalline Anhydrous Orthophosphoric Acid—Concentrated 
phosphoric acid (sp. gr. 1.75) was placed in a platinum crucible 
and heated in an electric furnace to 105° + 1° for a period 
of 24 hours. The anhydrous phosphoric acid, while still hot, 
was transferred to 4-ml. test tubes of Pyrex glass, filling them 
half-full. The tubes were closed and set aside at room tem- 
perature. Shortly before they were used, crystallization was 
induced by immersing the tubes briefly in a cold bath of ace- 
tone and solid carbon dioxide. When about two-thirds of 
the phosphoric acid had crystallized at room temperature, the 
stopper was replaced by a piece of strong filter paper, kept in 
place by rubber bands. The test tube was placed in an inverted 
position in a centrifuge glass which contained at its bottom a 
layer of coarse glass fiber. The centrifuge tube was closed with 
a rubber cap, and the mother liquor was removed by centrifuga- 
tion. The remaining crystalline orthophosphoric acid usually 
contained not more than 3 per cent of pyrophosphoric acid (22) 
and melted at 41.7-42.5° (reported m.p. 42.35° (23)). 

Pyridinium Hydrogen Vinyl Phosphate—In a thoroughly dried 
100-ml. round flask with ground glass joint, equipped with an 
oil-sealed mechanical stirrer, were placed 65 ml. of freshly dis- 
tilled vinyl acetate, 125 mg. of mercuric acetate, 500 mg. of 
ethylenediaminetetraacetic acid tetrasodium salt, and 2.0 gm. 
of crystalline orthophosphoric acid. The flask was immersed 
in an oil bath at 30° + 1°, and the mixture was stirred at this 
temperature for 2.5 hours. The colorless solution was decanted 
from the solid and divided equally between two 200-ml. centri- 
fuge tubes, each containing 90 ml. of petroleum ether (low 
boiling).2 The mixtures were centrifuged, the supernatant solu- 
tions were decanted, and the precipitates were each washed with 
30 ml. of petroleum ether. The remaining materials, colorless 
viscous oils, were each extracted with 45 ml. of anhydrous ether, 
and both extracts were cleared by centrifugation. The ether 
extracts were transferred to two 200-ml. centrifuge tubes, and 
to each were added 60 ml. of petroleum ether. The mixtures 
were separated by centrifugation, the supernatant solutions 
were transferred to two 200-ml. centrifuge tubes, and to each 
was added a solution of 0.25 ml. of anhydrous pyridine in 30 
ml. of ether. The oily precipitates were centrifuged, freed from 
supernatant solutions, and each triturated with a solution of 
0.25 ml. of pyridine in 2 ml. of ether. The precipitates were 
then washed, each with two 10-ml. portions of petroleum ether, 
and kept in a vacuum (0.5 mm.) at room temperature over potas- 
sium hydroxide pellets for 1 hour to remove most of the solvents. 
The pyridinium hydrogen vinyl phosphate, a viscous oil weigh- 
ing 1.18 gm. (25.7 per cent of the theory calculated for phosphoric 
acid),4 was analyzed for its contents of phosphoric acid, acet- 
aldehyde, and _ pyridine. 


*It is essential that from this point all operations are carried 
out as rapidly as possible, with the exclusion of moisture (rubber 
caps on all tubes), and that the ether and petroleum ether are 
cooled to 5°. 

‘There is probably at least as much again of the vinyl phos- 
phoric acid in the other fractions that have been discarded, but 
it is accompanied by substances that make it difficult to isolate 
the ester in the state of acceptable purity. 
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The phosphoric acid was determined by the method of King 
(24) on (a) aqueous solutions of pyridinium hydrogen vinyl 
phosphate that had been kept for 4 hours at room temperature, 
giving the orthophosphoric acid, both free and bound as viny] 
phosphate, and on (b) solutions that had been subjected to 
acid hydrolysis at 100° giving the total phosphoric acid. The 
difference between these values was considered to represent 
pyrophosphoric acid which in general amounted to less than 4 
per cent of the total phosphoric acid. Almost all of the o-phos- 
phorie acid was bound to acetaldehyde. 

The acetaldehyde was determined as 2,4-dinitrophenyl- 
hydrazone either by adding an aqueous solution of the pyridinium 
hydrogen vinyl phosphate at room temperature to a saturated 
solution of 2,4-dinitrophenylhydrazine hydrochloride in 2.5 
N hydrochloric acid, or by bubbling a stream of nitrogen through 
an acidified aqueous solution of the pyridinium vinyl phosphate 
which was kept in a water bath at 45° + 2°, and absorbing the 
acetaldehyde in a saturated solution of 2,4-dinitrophenylhydra- 
zine hydrochloride in hydrochloric acid. The first procedure 
yields mixtures of the 2,4-dinitrophenylhydrazones of acetalde- 
hyde and its condensation products, whereas the second pro- 
cedure separates the acetaldehyde from its less volatile con- 
densation products and permits their separate determination 
as 2,4-dinitrophenylhydrazones. In general, the condensation 
products amounted to less than 3 per cent of the acetaldehyde. 
The pyridine was determined colorimetrically as reineckate. 
The molar ratios of phosphoric acid :acetaldehyde: pyridine of 
five independent preparations of pyridinium hydrogen vinyl 
phosphate are shown in Table I. 

Dilithium Vinyl Phosphate—To obtain lithium vinyl phos- 


TABLE I 
Molar analytical ratios relative to orthophosphoric acid content 


Pyridinium hydrogen vinyl! phosphate 


Experiment No. : 
Total Acetaldehyde* Pyridine 
V 119 1.00 0.94 0.99 
V 120 | 1.00 ().94 0.96 
V 121 1.00 1.03 0.92 
ve 0.95 0.94 
V 123 | 1.00 0.99 0.96 


* The figures represent minimal values, since determinations 
upon pure acetaldehyde gave values of about 3 per cent too low 
when determined as 2,4-dinitrophenylhydrazone. 


TABLE II 
Molar analytical ratios relative to orthophosphoric acid content 


| Dilithium vinyl phosphate 


Experiment No. | | 
| Acetaldehyde* | Lithium Ethanol 
V12% | 1.00 0.85 1.95 
Via 1.00 0.84 2.06 0.94 
V12 | 1.00 0.89 1.95 0.96 
V 127 | 1.00 0.91 2.08 0.95 


* The figures represent minimal values, since determinations 
upon pure acetaldehyde gave values of about 3 per cent too low 
when determined as 2,4-dinitrophenylhydrazone. 
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4 Vinyl Phosphate 


phate, the pyridinium salt (1.178 gm.), obtained as described 
above from 2.0 gm. of crystalline phosphoric acid but not dried 
in a vacuum, was immediately dissolved in 25 ml. of anhydrous 
ethanol. The solution was placed in a 75-ml. centrifuge tube, 
and 7.5 ml. of a 2 per cent solution of lithium acetate in anhy- 
drous ethanol were added. After the mixture was cleared by cen- 
trifugation, the supernatant solution was transferred to another 
centrifuge tube (75-ml.), and 20 ml. of the 2 per cent ethanolic 
solution of lithium acetate were added. The mixture was sep- 
arated by centrifugation, and the supernatant solution was 
decanted. The precipitate was washed successively with 10 
ml. of anhydrous ethanol and two 20-ml. portions of anhydrous 
ether, with separaton of the mixture by centrifugation each time. 
The precipitate was dried in a vacuum (2 mm.) at room tempera- 
ture over phosphorus pentoxide and potassium hydroxide pellets 
for 20 hours. The dilithium vinyl phosphate, a white, powdery 
material weighing 0.582 gm., was obtained in a yield of 60.8 
per cent of theory calculated from the pyridinium salt. It 
contained 1 mole of ethanol which was identified qualitatively 
as its 3,5-dinitrobenzoic acid ester, and determined quantita- 
tively by the method of Elving and Warshowsky (25). The 
determination of phosphoric acid ard acetaldehyde was carried 
out as described above. Lithium was determined by flame 
spectrophotometry. Table II gives the molar ratios of phos- 
phoric acid, acetaldehyde, lithium, and ethanol for four in- 
dependent preparations of dilithium vinyl phosphate. 


C:H;0,PLi2, C2H;OH (182) 


Calculated: P 17.02, Li 7.63 
Found :5 P 16.94, 17.08, 17.10, 17.00 
Li 7.36, 7.85, 7.46, 7.88 
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Characterization of Alcohol in Dilithium Vinyl Phosphate— 
Lithium vinyl phosphate was added at room temperature to a 
saturated solution of 2,4-dinitrophenylhydrazine in 2.5 N 
hydrochloric acid. After 1 hour the acetaldehyde 2,4-dinitro- 
phenylhydrazone was removed by filtration, the filtrate was 
distilled at atmospheric pressure, and the alcohol of the distillate 
was esterified with 3,5-dinitrobenzoyl chloride as described by 
Wild (26). The crude 3,5-dinitrobenzoic acid ethyl ester, which 
was obtained in a yield of about 20 per cent of theory, on re- 
crystallization from petroleum ether melted at 91.5-92.0°; the 
melting point of authentic 3,5-dinitrobenzoic acid ethyl ester 
is 93° (26), (the melting point of a mixture was not depressed). 


SUMMARY 


A synthesis of vinyl phosphoric acid from vinyl acetate and 
phosphoric acid by a mercuric ion-catalyzed acid exchange 
reaction, and its isolation as its pyridinium and lithium salts 
are described. 
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Isocitric lyase, or isocitritase, the enzyme which reversibly 
cleaves L, (+)-isocitric acid to glyoxylic and succinic acids, has 
been identified in extracts of a number of microorganisms (1-6), 
and partially purified from Pseudomonas aeruginosa (7). Interest 
in this enzyme has been stimulated by its possible involvement 
in three important metabolic pathways: (a) glyoxylate forma- 
tion from acetate (1, 2), (6) glycine synthesis (1, 2, 6), and (c) 
the net production of succinate from acetate (8). In order that 
the properties of isocitric lyase and the mechanism of isocitrate 
cleavage might be conveniently studied, it was of interest to 
purify the enzyme from a readily available source material. 
The present paper deals with the identification of the enzyme in 
crude extracts of the mold Penicillium chrysogenum Q176 and 
in other microorganisms, and the partial purification and char- 
acterization of the enzyme from baker’s yeast. 


EXPERIMENTAL 


Chemicals—p.,-Isocitric lactone (allo-free) and sodium iso- 
citrate (DL + allo) were products of the Sigma Chemical Com- 
pany. Sodium DL,-isocitrate was prepared from the lactone by 
boiling with 3 equivalents of NaOH for 15 minutes and acidify- 
ing to pH 7.6. The dimethyl ester of L, (+)-isocitric lactone 
was a generous gift of Dr. C. B. Anfinsen. Its optical purity 
was established by formation of the molybdate complex (ob- 
served [a], = —761°, reported fa]}, = —745° (10)). Gly- 
oxylic acid was prepared in 70 per cent yield by refluxing di- 
chloroacetic acid with sodium benzoate in neutral solution (11), 
and was crystallized as the sodium salt monohydrate. 

Succinie acid, semicarbazide hydrochloride, 2,4-dinitro- 
phenylhydrazine, and other chemicals were crystalline com- 
mercial products which were used without further purification. 

Growth of Organisms—The molds Penicillium chrysogenum 
Q176, Aspergillus niger, and Rhizopus sp. were grown on Difco 
malt agar or a maize-asparagine-glycerol medium (12). 

The spore suspensions (10 ml.) of these organisms in water 
were added to shake flasks containing 100 ml. of the following 
sterile medium at pH 5.4 to 5.7: 0.6 per cent ammonium acetate, 
0.6 per cent (NH,4)2SO,4, 0.3 per cent KH2PO,, 0.2 per cent 
glucose, 0.025 per cent MgSO,-7H.0, 0.02 per cent FeSO,-7H.0, 


* The early part of this work was carried out at the Interna- 
tional Center for Chemical Microbiology, Istituto Superiore di 
Sanita, Rome, Italy, during the tenure of a postdoctoral fellow- 
ship from the National Foundation of Infantile Paralysis. Pre- 
liminary reports of some aspects of this work have already been 
published (1, 9). 

+t The term isocitric lyase designates the substrate as well as 
the nature of the reaction and is in accord with the classification 
system suggested by Hofmann-Ostenhof (Advances in Enzymol., 
14, 219 (1953)). 


0.00025 per cent CuSO,-5H.O, 0.002 per cent ZnSO,-7H.0, 
0.002 per cent MnSO,-H.0, 0.005 per cent CaCl,-2H,0, 0.05 
per cent NaSO,, and 0.1 per cent yeast extract. After 24 hours 
on a rotary shaker at 24°, the starter cultures were transferred 
to 10-1. laboratory fermentors (13) containing 5 |. of fresh media, 
and they were allowed to grow until the pH rose to 6.3 to 6.6 
(about 17 to 24 hours). At the time of harvest, the mycelium 
was filamentous and growing vigorously with a dry weight of 
0.20 to 0.40 per cent. The mold was filtered, washed with 0.01 
M potassium phosphate (pH 7.4), and either used immediately 
or frozen at —20°. The enzyme in the frozen mycelium was 
stable indefinitely. 

Enzyme Preparations—Cell-free preparations of molds and 
yeast were obtained by use of the press as described by Hughes 
(14) at —10° in the absence of abrasive. The crushed cell mass 
was suspended in an equal volume of 0.1 M potassium phos- 
phate buffer, pH 7, and centrifuged at 15,000 x g for 30 minutes 
in the cold. The slightly turbid supernatant solution con- 
tained the enzyme. Active yeast preparations were also ob- 
tained after autolysis with toluene, as described later. 

Assay Method I—Crude enzyme extracts of the microorganism 
or tissue (0.1 ml. containing 2 to 5 mg. of protein) were incubated 
with 0.7 ml. of freshly neutralized 0.015 mM semicarbazide and 
0.2 ml. of either 0.06 m sodium citrate or sodium D1,-isocitrate 
for 60 minutes at 25°. The reaction was stopped with 5 ml. of 
2 per cent tungstic acid reagent, and the total keto acid con- 
centration of the supernatant solution was determined by the 
ethyl acetate extraction method of Friedemann and Haugen 
(15). In the presence of semicarbazide the reaction did not go 
to completion, and thus a correction factor of 1.6 was used. 
After readings were taken at 460 my, the solutions were heated 
at 100° for exactly 100 seconds, cooled quickly, and read again. 
Under these conditions, glyoxylate hydrazone is 80 per cent 
decolorized, pyruvic hydrazone is 30 per cent destroyed, and 
a-ketoglutaric hydrazone is practically unaffected. A plot of 
the percentage of glyoxylic hydrazone against the ratio of final 
(heated) to initial readings is given in Fig. 1. Since the amount 
of glyoxylate in an unknown mixture can be determined within 
15 per cent accuracy when the total amount of glyoxylate ex- 
ceeds 50 per cent of the mixture, this method proved to be a 
rapid and useful index of glyoxylate production in crude systems. 

Assay Method II—0.2 ml. of 0.03 m cysteine hydrochloride, 
0.5 ml. of 0.12 mM semicarbazide hydrochloride, 0.3 ml. of 0.05 
M MgSO,, 1.0 ml. of 0.20 m potassium phosphate buffer (pH 6.0), 
and 0.9 ml. of 0.074 m NaOH were mixed together. The pH of 
the reaction mixture was 6.0. Thereafter, 0.01 to 0.05 ml. of 
enzyme solution was added, and the reaction was started by the 
addition of 0.1 ml. of 0.2 m pt-sodium isocitrate (allo-free). 
Readings were taken every minute at 252 my, the absorption 


3 
| 
3, 4 
e, &§ 
) 
10 
80 
ge 
5 


100- DETERMINATION OF GLYOXYLIC 
S HYDRAZONE BY HEAT 
DECOLORIZATION 
& 
80- 
60- 
+PYR 
- + aXxKG 
40- 
20- 
0.2 0.4 0.6 08 10 
Final 
R 


Fic. 1. Determination of glyoxylic hydrazone by heat decolori- 
zation. Left line, the percentage of glyoxylic acid in glyoxylate- 
pyruvate mixtures; right line, percentage of the acid in glyoxylate- 
a-ketoglutarate mixtures; middle line, percentage of the acid in 
mixtures of all three hydrazones. 
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Fic. 2. The relation between the change in optical density at 
252 mu and enzyme concentration (Assay Method II). The en- 
zyme preparation used was 10-G, with a specific activity of 2.1. 


maximum for glyoxylic semicarbazone, in a Beckman model DU 
spectrophotometer maintained at 28° with Thermospacers. 
After a lag phase of 2 to 6 minutes, the rate became linear. 
The relation between enzyme concentration and optical density 
at 252 my is shown in Fig. 2. Since the molecular extinction 
coefficient of glyoxylic semicarbazone is 12,400, division of the 
optical density by 4.13 yields the number of umoles of glyoxylate 
formed. 1 unit of enzyme was defined as the amount of enzyme 
which formed 1 umole of glyoxylic semicarbazone during a 5- 
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TABLE I 
Citrate dissimilation and carbon diozide evolution 

Each Warburg flask contained 0.5 ml. of aged mold extract (21 
mg. of protein), 30 uwmoles of potassium phosphate, and 5 mg. of 
potassium arsenite at pH 6.8; 60 umoles of sodium citrate and 1.5 
mg. of TPN were present when indicated; final volume, 3.0 ml. 
Flasks were incubated in a Warburg bath for 120 minutes at 25°. 
Hydrazones were determined by Assay Method I. 


Contents Citrate O2 CO:2 
pmoles 
1 Extract 0 —0.4 | +0.2]| 0.6 6.1 
2 + citrate —11.4;} 7.8 5.3 
3 + citrate + | —58.0/ —1.4 +17.4)| 8.4 | 24.1 
TPN 


minute period at 28°. Specific activities are expressed as units 
of activity per mg. of protein. 

Other Methods—Protein was determined by the biuret reaction 
(16) or by spectrophotometric measurement at 280 my (17). 
Citrate was measured by the method of Taylor (18), succinate by 
a heart succinoxidase preparation (19), glutamate by carrot 
glutamic decarboxylase (20), and carbon dioxide by Warburg 
manometry. DEAE-cellulose was prepared according to the 
directions of Sober and Peterson (21). 


RESULTS 


Identification of Products—In crude, aged extracts of acetate- 
grown Penicillium chrysogenum Q176 supplemented with TPN, 
citrate was rapidly metabolized, carbon dioxide was evolved, and 
a-ketoglutarate and glutamate were accumulated (Table I). 
When TPN was omitted, no carbon dioxide was produced in 
dialyzed or aged preparations (4 hours, 0°), but some citrate still 
disappeared and a keto acid formed. 

The keto acid was identified as glyoxylic acid by the spectrum, 
melting point (189-192°), and chromatographic behavior (Rr = 
0.49; 0.71 in N-butanol-ammonia (22)) of its 2,4-dinitrophenyl- 
hydrazone. No depression in mixed melting point was ob- 
served. 

Ether extraction of the acidified reaction mixture yielded 
another product which was identified as succinic acid in the 
following manner: (a) the Rr of the product was the same as 
that of succinic acid in three solvent systems, N-butanol-propi- 
onic acid-water, phenol-NH,OH, and ether-acetic acid-water, 
and (6) the product was oxidized stoichiometrically by a heart 
succinoxidase preparation. Even in crude preparations, equal 
quantities of glyoxylate and succinate were formed. 

Distribution in Nature—Aged extracts of a number of molds 
and baker’s yeast were able to convert isocitrate to glyoxylate, 
as shown in Table II. Higher enzyme titers were found when 
molds were grown on simple acetate-salt media than on com- 
plex nutrient broths. Extracts of glycerol-grown Acetobacter 
suborydans and homogenates of rat liver and muscle were 
completely inactive. A number of bacteria are known to con- 
tain the enzyme (3), however, and its apparent absence in A. 
suboxrydans is probably the result of the use of a glycerol medium 
for growth (7). 


Purification of Isocitric Lyase from Y east 


Autolysis and Extraction—1 pound of baker’s yeast is mixed 
thoroughly with 50 ml. of toluene and incubated at 37° for 6 
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hours. 600 ml. of cold 0.2 m potassium phosphate buffer, pH 
7.5, are added, and after 20 minutes in the cold, the liquid mass 
is centrifuged at 4600 r.p.m. for 15 minutes in a refrigerated 
International centrifuge. The decanted supernatant solution 
(supernatant Fraction A) may be worked up immediately, or 
left overnight in the cold with little loss of activity. The pre- 
cipitate is discarded. . 

Heat Treatment—The cold supernatant solution is enclosed in 
a large dialysis casing, submerged in 3 to 4 |. of distilled water 
initially at 62°, left at 55 + 1° for exactly 20 minutes, and then 
quickly iced. All further operations are carried out in a cold 
room at 3-5°. The solution (Fraction B) is not centrifuged. 

First Ammonium Sulfate Fractionation—To each 100 ml. of 
Fraction B, 19.4 gm. of analytical grade ammonium sulfate 
(0.35 saturation) are added slowly with stirring. The pre- 
cipitate is removed by centrifugation and 19.5 gm. of ammonium 
sulfate (0.65 saturation) are added to each 100 ml. of super- 
natant solution C35.. The precipitate (C3s-¢) is packed well by 
centrifugation and then is dissolved in 400 ml. of 0.02 M potassium 
phosphate buffer, pH 6.0. 

Protamine Sulfate Treatment—1 gm. of protamine sulfate in 
50 ml. of distilled water, adjusted to pH 6.0 with a few drops of 
m KeHPO,, is added to Fraction C35-65, and the precipitate is 
centrifuged off. 

Second Ammonium Sulfate Fractionation—To each 100 ml. of 
the clear, amber supernatant solution, Fraction D, 27.2 gm. of 
ammonium sulfate (0.48 saturation) are added, the precipitate 
is centrifuged off, and 8.5 gm. of ammonium sulfate (0.62 satura- 
tion) are added to each 100 ml. of the resulting supernatant 
(Ey.). After centrifugation the precipitate (E4g-62) is dissolved 
in 50 ml. of 0.02 m potassium phosphate buffer, pH 5.7, and 
dialyzed overnight against 2 |. of the same buffer containing 
about 10 mg. of cysteine. The solution is centrifuged in the 
cold. 

Ethanol Fractionation—Dialyzed supernatant Fraction E4g-62 
is chilled in an ethanol-Dry Ice bath until ice forms. Then 95 
per cent ethanol at —70° (12 ml./100 ml. of enzyme solution) is 
added dropwise with stirring. After centrifugation at —10°, 
the supernatant solution F io. is cooled until some ice forms and 


95 per cent ethanol at —70° (11 ml./100 ml. of Fic) is added 
slowly. 


The precipitate Fio1s is centrifuged down at —10°, 
dissolved in 20 ml. of cold 0.01 mM potassium phosphate buffer, 
pH 7.4, and dialyzed for 2 to 3 hours against 3 to 4 1. of the 
same buffer containing 10 mg. of cysteine and 100 mg. of sodium 


-ethylenediaminetetraacetate. The light precipitate which forms - 


is centrifuged off. 

Chromatographic Separation on DEAE-cellulose Column—A 
column (20 x 1 cm. diameter) of 2 gm. of DEAE-cellulose (21) is 
prepared and washed extensively with 0.01 m potassium phos- 
phate, pH 7.4, in the cold. Dialyzed Fraction Fyio13 is placed 
on the column and washed in with 1 to 2 ml. of buffer. The 
initial eluate is discarded. Thereafter, a gradient elution device 
is used with 200 ml. of 0.01 m potassium phosphate, pH 7.4, in 
the mixing chamber, and 100 ml. of 0.5 m potassium phosphate, 
pH 7.4, in the attached separatory funnel. The eluate is col- 
lected at a rate of 12 ml. per hour in 3-ml. fractions and assayed 
for protein and enzyme activity. A typical assay is given in 
Fig. 3. These results were highly reproducible both with 
respect to the peak enzyme fraction as well as to recovery. The 
same columns could be used again after they were washed over- 
night with 0.01 mM potassium phosphate, pH 7.4. 


J. A. Olson 7 


TABLE II 
Distribution of isocitric lyase in cell-free extracts 
of various organisms 
Microorganisms were harvested at comparable times during the 
early growth phase. All extracts were prepared with the Hughes 
press, dialyzed for 4 hours at 0°, and incubated for 60 minutes at 


25°. Glyoxylate was assayed by Assay Method I. 

E i- 
pa ane Source of extract Growth medium — 
No. formed 

tein N 
24-2 | Penicillium chrysogenum | Acetate-salt 5.9 
Q176 
26-2 | Penicillium  chrysogenum | Cornsteep-lactose 0.8 
Q176 

24-4 | Saccharomyces cerevisiae Commercial 2.4 
31-3 | Aspergillus niger Enriched acetate- | 1.0 

salt 

31-4a| Rhizopus sp. Enriched acetate- | 0.7 

salt 

28-4 | Streptomyces sp. A101 Cornsteep lactose | Trace 
29-2 | Acetobacter suborydans Glycerol 0 
25-4 | Rat liver 0 
21-7 | Rat muscle 0 

8- O PROTEIN 
0 ACTIVITY 
6- -24 


4- 16 


PROTEIN PER FRACTION IN MILLIGRAMS 


UNITS OF ENZYME ACTIVITY PER FRACTION 


4 8 12 16 20 24 28 32 36 40 
FRACTION NUMBER 
Fic. 3. Chromatography of a portion of dialyzed Fraction 
Fio13 on DEAE-cellulose at 0°. Protein was eluted by gradually 
increasing the molarity of potassium phosphate buffer, pH 7.4, 
from 0.01 mM to about 0.3 m as described in the text. Protein: 74 
mg. added, 56 mg. recovered, 75 per cent yield; lyase: 142 units 
added, 131 units recovered, 92 per cent yield. 


Maximal Observed Activity and Turnover Number—The sum- 
mary of a typical preparation is given in Table III. In addition 
to isocitric lyase, Fractions A and B contained enzymes which 
converted isocitrate to a-ketoglutarate and other keto acids 
which react in the semicarbazone assay. Chromatography of 
the 2,4-dinitrophenylhydrazones of the keto acids formed in 
these crude extracts indicated that glyoxylate accounted for 
only 50 to 70 per cent of the total keto acids present. Fraction 
Cas-65 and subsequent fractions yielded only glyoxylate in the 
standard assay. 
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TABLE III 
Purification of tsocitric lyase: Preparation No. 16 
Starting material: 450 gm. of Fleischman’s bakers’ yeast 


Fraction Step Volume Total activity Total protein Specific activity 
ml, enzyme units gm. units/mg. 
| Crude extract 740 1600 (1000)* 7.6 0.21 (0.13)* 
Heated extract 780 1185 (1000)* 3.9 0.30 (0.25)* 
ECR First (NH4)2SO, fraction 415 969 2.3 0.41 
Protamine treatment 455 950 2.1 0.45 
Second (NH,)2SO, fraction 58 841 1.05 0.81 
Dialysis 60 693 0.83 0.84 
Ethanol addition 21 544 0.16 3.4 
a DEAE-cellulose column 12 255 0.034 7.6T 


* Activity values are corrected for the formation of a-ketoglutarate and pyruvate in crude extracts. Net glyoxylate values are 


given in parentheses. 


+ Fio-13 was stored for a week before chromatography, during which 30 per cent of its activity was lost. The specific activity of 


tube 20 was 8.7 (Fig. 3). 


TaBLE IV 
Michaelis constants of reactants 
Each value is the average of at least three separate determina- 
tions, and each determination is based on five or more points in 
the critical range. Some activity (<10 per cent) was found in 
the absence of added magnesium and cysteine. Assay Method II 


was used. 
Reactants Michaelis constants 
M 
INHIBITION OF ISOCITRIC LYASE 
o Zn Ace 
a o-lodoso benzoate 
100 - 4 p Chloro mercuri benzoate 
80 
Q 60- 
20 - 


-8 -7 -6 -5 -4 -3 
LOG 
Fic. 4. Inhibition of isocitrie lyase. Enzyme and inhibitor 
were incubated for 5 minutes before the addition of pL,-isocitrate. 
Assay Method II was used. 


The over-all purification was about 70-fold, with a recovery 
of 25 to 50 per cent of the original activity. The specific ac- 
tivity of some chromatographic fractions (Fraction G), however, 
was as high as 9.0. 

Although the described assay methods gave highly repro- 
ducible results, 2- to 3-fold higher activities were observed at 
lower phosphate concentrations.' Thus, a maximal specific 


1 J. A. Olson, unpublished experiments. 


activity of about 25 was observed, corresponding to a turnover 
number of 500 moles of glyoxylate formed per minute for 100,000 
gm. of enzyme at 28° and pH 6.0. The calculated turnover 
number for the purified Pseudomonas enzyme (7) is roughly the 
same, namely 350 at 30° and pH 7.6. These values cannot be 
directly compared, however, in view of the different assay 
methods employed. 

The purity of the final enzyme preparation is unknown. 
Electrophoresis of Fraction Fio-13 at pH 7.4 indicated the pres- 
ence of at least three components. Changes in the specific 
activities of chromatographic Fractions Gy7-22 also suggest some 
contamination with inert protein. 

Enzyme Stability—Whether the purified enzyme was stored 
in the frozen state or in glycerol-water mixtures (1:2, 2:1) at 
— 20°, a 10 to 20 per cent loss of activity resulted per week. 10 
per cent of the activity is lost per day at 5°, and 20 per cent at 
25°. The addition of magnesium, cysteine, or both did not 
improve stability at 25° or at higher temperatures. The 
enzyme is relatively stable between pH 5.5 and 8.5, but loses 
activity very rapidly beyond these pH limits. The presence of 
ammonium sulfate during ethanol fractionation leads to rapid 
and irreversible enzyme inactivation. 

Reaction Requirements—-The yeast enzyme, like that obtained 
from Pseudomonas (2, 7), requires a divalent metal and a sulfhy- 
dryl compound for maximal activity. The Michaelis constants 
for pL- and L,-isocitric acid, magnesium, and cysteine are given 
in Table IV. The Lineweaver-Burk plots (23) for magnesium 
and isocitrate are linear. Cysteine, on the other hand, does not 
stimulate activity at low concentrations (0 to 2 * 10-5 M), then 
allows a rapid increase to a maximum (2 to 20 * 10-5 Mm), and 
inhibits at higher concentrations. The Michaelis constant for 
cysteine was estimated graphically. 

pi-Isocitrie acid, at twice the concentration of L,-isocitrate 
(i.e. the equivalent concentration of L,-isocitrate) gives the same 
activities. The pi- + allo-isocitrate, however, at 4 times the 
L,-isocitrate concentration, is only 20 per cent as active. DI- 
Isocitric lactone and citrate are completely inert. 

Magnesium is the most effective metal activator. Manganous 
chloride (10-3 m) is about 40 per cent as active, but cadmium, 
zinc, and copper inhibit the enzyme, even in the presence of 
magnesium. p-Chloromercuribenzoate (10-> m) and o0-iodoso- 
benzoate (10-4 m) reduced enzyme activity by 50 per cent, as 
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shown in Fig. 4. p-Chloromercuribenzoate inhibition was re- 
leased 80 per cent by excess glutathione. 

The purified yeast enzyme is similar in many respects to the 
enzyme isolated from Pseudomonas (7). Both require mag- 
nesium and cysteine, and possess activity with manganous ions 
and glutathione as well. The Michaelis constants for isocitrate 
and activators are about the same. On the other hand, Saz 
and Hillary (4) found the L,(+)-isomer 5 times as active as the 
DL, compound, whereas in the present study, inhibition was 
observed only when the allo forms were present. 

Reversibility—The formation of citrate from succinate and 
glyoxylate, observed in extracts of Pseudomonas aeruginosa (6) 
and in P. chrysogenum (1), indicated that the lyase reaction was 
reversible. 

In the presence of purified yeast enzyme, glyoxylate forma- 
tion increases rapidly to a maximum when isocitrate is added to 
an enzyme solution and then slowly declines (Fig. 5). The 
addition of succinate causes a rapid fall in glyoxylate to a new 
level, and further isocitrate addition again gives high glyoxylate 
concentration. Nonenzymatic condensation of glyoxylate with 
cysteine was responsible for the observed decline in glyoxylate 
concentration following the initial maximum, and hence the 
calculated equilibrium constants were higher than reported 
values (7). 

DISCUSSION 


Many early studies on the products of mold fermentations 
indicated that glyoxylic and oxalic acids were most often found 
when the growth medium contained either acetic or citric acids 
(24, 25). On the basis of these observations, the following 
metabolic sequence was proposed: 


acetate — glycolate — glyoxylate — oxalate. 


Although other evidence has been given to support this pathway 
(26), attempts to demonstrate unambiguously the direct con- 
version of acetate to glycolate have not been successful. With 
the finding that isocitrate can be enzymatically cleaved to 
glyoxylate and succinate, however, the net production of gly- 
oxylate from acetate in microorganisms can be readily explained 
by means of the citric acid cycle and the lyase enzyme. The 
over-all reaction may be summarized as follows: 


acetate + ATP + 2H,O — 
glyoxylate + AMP + pyrophosphate + 4H+ + 4e-. 


The fact that isocitric lyase and Krebs-cycle enzymes are widely 
found in plants and microorganisms supports this pathway as 
the predominant metabolic route for glyoxylate synthesis. 

The suggestion has been made that isocitric lyase may be 
involved in the formation of glycine from tricarboxylic acids (6). 
Crude extracts of P. chrysogenum are capable of converting 
citrate to glycine in low yield (1), and glyoxylic acid trans- 
aminates readily with several amino acids to form glycine in 
animal tissues (27) and in bacterial extracts (28). On the other 
hand, in crude Penicillium extracts supplemented with TPN, 
citrate was almost quantitatively converted to a-ketoglutarate 
and glutamate, rather than to glyoxylate and glycine. Further- 
more, when 2-C'-acetate was incubated with intact mycelia, 
over 50 per cent of the labeled carbon of the metabolized acetate 
was found in glutamate, whereas glycine was only slightly 
labeled.!. Thus, although the formation of glycine from citrate 
and other amino acids via isocitric lyase can occur, this pathway 
is probably not of major importance for glycine synthesis in P. 
chrysogenum. Our inability and that of others (7, 29), to detect 
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Fic. 5. Reversibility of the isocitric lvase reaction. The reac- 
tion mixture contained 15 wmoles of pL,-sodium isocitrate, 15 
umoles of MgSO,, and 9 wmoles of cysteine in 2.8 ml. of 0.02 m 
potassium phosphate buffer, pH 7.5. At zero time 0.20 ml. of 
enzyme (11-F 0-30, specific activity = 2.1) was added, and at inter- 
vals 0.30-ml. aliquots were inactivated with 0.10 ml. of Nn H.SO,. 
0.16 ml. of this solution was pipetted into 2.84 ml. of 0.16 mM potas- 
sium phosphate, pH 5, and of 0.16 M potassium phosphate-0.024 m 
semicarbazide, pH 5. The difference between readings taken after 
5 minutes was a measure of the glyoxylate present. At the arrows, 
0.2 ml. of 0.1 M sodium succinate (S) and 0.2 ml. of 0.1 mM pL,-sodium 
isocitrate (JC) were added as indicated. 


isocitric lyase activity in several mammalian tissues seems to 
preclude as well the possibility that glyoxylate is an important 
intermediate for glycine synthesis in mammalian tissues. 

Isocitric lyase, together with malic synthetase (36), seems to 
play a major role in the net conversion of acetate to malate (8). 
The fact that extracts of P. chrysogenum and of bacteria (7) 
grown on simple acetate-salt media contain more enzyme than 
preparations from microorganisms grown on complex nutrients 
supports this hypothesis. 

The reaction catalyzed by isocitric lyase is an aldol condensa- 
tion. Nonenzymatic reactions of this type may be catalyzed by 
base, acid, or, in some instances, by specific amines. These 
reactions are reversible, and the generally accepted mechanism 
for the base-catalyzed cleavage reaction involves the removal of 
a proton from the a-hydroxyl group followed by a series of 
electron shifts, as indicated in Diagram 1. Thus any agent 
which displaces the proton of the hydroxyl group might also 
aid in catalyzing the cleavage reaction. Of particular interest 
in this regard is the finding that magnesium, copper, and other 
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metals form complexes with a number of a-hydroxy acids (30, 
31). Copper (Cut+) and citric acid, whose chelates have been 
extensively studied, form stable 1:1 complexes at pH 6 in which 
a proton has been displaced from the hydroxyl group (32). In 
preliminary studies on chelation complexes of isocitric acid, an 
additional proton was released when isocitric acid was titrated 
in the presence of copper. Although a stable 1:1 complex did 
not form, spectral changes were observed during titration which 
could not be accounted for by copper-carboxy] interaction alone.? 
Hence it seems likely that the metal not only reacts with the 
three carboxyl groups of isocitrate, but also displaces a proton 
from the hydroxyl group during titration. 

Magnesium may function in a similar manner in the enzyme- 
catalyzed reaction, as depicted in Fig. 6. 

After displacement of the proton from the hydroxyl group 
through the action of magnesium and possibly sulfhydryl or 
amino groups on the enzyme, electron rearrangement and 
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cleavage might proceed in a manner analogous to the base- 
catalyzed reaction. 

This suggestion is similar in some respects to the proposed 
mechanism for muscle aldolase action (34, 35). Metal ions are 
not required, however, for that reaction. 


SUMMARY 


1. Isocitric lyase, which catalyzes the reversible cleavage of 
L,-isocitrate to glyoxylate and succinate, has been identified in a 
number of molds, and has been purified 70-fold from yeast 
autolysates. 

2. The purified yeast enzyme acts only on L,-isocitric acid 
and requires magnesium and cysteine for activity. Manganous 
ions are 40 per cent as active as magnesium, and reduced glu- 
tathione can replace cysteine. The enzyme is inhibited by low 
concentrations of copper, cadmium, zinc, p-chloromercuriben- 
zoate, and o-iodosobenzoate. 

3. The biological function of isocitric lyase is discussed, and a 
possible mechanism for the cleavage of isocitrate meee. 


chelation with magnesium is presented. & 
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Acetoacetate and Glucose Uptake by Diaphragm and Skeletal 
Muscle from Control and Diabetic Rats*? 
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(Received for publication, September 2, 1958) 


Many workers have demonstrated that extrahepatic tissues 
utilize ketone bodies in the absence of insulin (1). However, it 
has been postulated that a decrease in peripheral utilization of 
ketone bodies is a contributory factor in diabetic ketosis (2). 
No careful comparison of peripheral utilization by muscle from 
diabetic and nondiabetic preparations has been reported using 
modern techniques. The present paper reports an investiga- 
tion of the uptake of acetoacetate and glucose by diaphragm 
muscle from a series of control and diabetic rats. The dia- 
phragm is a specialized muscle in constant motion and seems, 
in respect to oxidative metabolism (3-5), to occupy an inter- 
mediate position between constantly active heart muscle and 
intermittently active skeletal muscle. Accordingly, the uptake 
of acetoacetate and glucose by skeletal muscle fibers, obtained 
by modifying Shorr’s technique (6), has also been studied. In 
these experiments both the diaphragm and fibers from diabetic 
rats took up less acetoacetate and glucose than the muscles from 
the controls. 


EXPERIMENTAL 


Female Sprague-Dawley rats weighing 180 to 220 gm. were 
used throughout these experiments. The rats were made dia- 
betic by the subcutaneous injection of 7 to 8 mg. per 100 gm. 
of recrystallized alloxan monohydrate (10 per cent solution). 
No rats were used less than 4 weeks after alloxan administration 
because it has been shown (7) that some time is required for a 
stabilized diabetic condition to be established. The 20-hour 
fasting blood sugar levels of the diabetic animals were 270 mg. 


_ per 100 ml. or more. Rats for muscle preparations were given 


light Nembutal anesthesia (2.5 mg. per 100 gm.) and decapitated. 
The light anesthesia minimized muscle spasms and resultant 
changes in muscle components when the animals were de- 
capitated. To obtain the muscle fiber groups from a rat, the 
animal was placed on his back, the hind legs skinned, the paws 
gently extended and the adductor muscles exposed. Groups of 
muscle fibers approximately 30 mm. long, weighing an average 
of 25 mg., were dissected free. It was possible to remove the 
diaphragm and obtain 2 gm. of skeletal muscle fibers in about 
25 minutes. During dissection the diaphragm or muscle fibers, 
already removed from the animal, were soaked at room tempera- 
ture in modified Krebs phosphate buffered medium (Ca** 0.0006 
Mand Mg*+ 0.0006 m). If uptakes were to be measured, the 


* Supported in part by research grant number A-213C4 and 
A-1157C from the National Institutes of Arthritis and Metabolic 
Diseases, National Institutes of Health, United States Public 
Health Service. 

t Presented in part at the Federation of the American Societies 
for Experimental Biology, March 1957 and 1958. 
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appropriate substrate was added to the soaking medium (150 
mg. per cent of glucose and/or 3 to 6 mmoles per |. of aceto- 
acetate). The uptakes were determined from the differences 
between the concentrations in the medium before and after 
incubation. Acetoacetate was prepared from ethyl acetoacetate 
by the method of Krebs and Eggleston (8) and a blank flask 
containing acetoacetic acid plus medium was run with each 
experiment to eliminate error from spontaneous decomposition. 
Hemidiaphragms or 200 mg. aliquots of skeletal muscle fibers 
were blotted, placed in Warburg flasks in 3 ml. of medium and 
weighed. A similar aliquot of muscle was placed in an oven at 
95° for dry weight determination. Potassium hydroxide was 
placed in the center well, the flasks gassed with 100 per cent 
oxygen and equilibrated for 15 minutes at 37° with a shaking 
rate of 70 cycles per minute. 

Glucose was determined by the method of Somogyi (9) and 
ketone bodies by the methods of Lester and Greenberg (10) and 
Bessman and Anderson (11). Nitrogen was determined by 
digestion and vacuum distillation (12). The tissues were 
digested in KOH and a modification of Roe’s anthrone method 
(13, 14) was used to estimate glycogen levels. 


Results and Discussion 
‘The average uptake of acetoacetate (as measured by the 


Lester and Greenberg (10) method for total ketone bodies) at a 
subsirate level of 3 mmoles per |., by diaphragms from fasted 


TABLE I 
Total ketone body uptake* (milligrams per gm. per hour of wet 
weight) by hemidiaphragms from rats over 2-hour period 
Krebs phosphate buffered medium, pH 7.4 to 7.5, was used. 


Substrate Control Alloxan diabetic ? 


20-hour fast: 3 
mmoles per |. 
of acetoace- 

0.94 + 0.057 (10)¢° 0.51 + 0.12 (7) <0.01 

20-hour fast: 6 
mmoles per 1. 
of acetoace- 

1.19+ 0.09 (12) 0.56 + 0.13 (6) <0.01 

Fed: 3 mmoles 
per |. of ace- 
toacetate.... 


0.72 + 0.05 (14) | <0.01 


0.90 + 0.02 (20) 


* Method of Lester and Greenberg (10). 
t Standard error. 
t Number of hemidiaphragms. 
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TABLE II 


Effect of fumarate (4 mmoles per l.) on acetoacetate uptake (8 
mmoles per l.) by hemidiaphragms 


Series 
mg./gm./hour 
Control 
Fasted (20 hours)........... 5 | +0.12 + 0.03* | <0.025 
Alloxan diabetic 
Fasted (20 hours)........... 5 —0.06 + 0.05 >0.10 
5 —0.03 + 0.05 >0.10 


* Standard error. 


TaBLeE III 


Comparison of Oz uptake (microliters per hour per mg. of wet weight) 
by hemidiaphragms from control and alloxan 
diabetic rats 


Time | Controls Alloxan diabetic 


Fasted 20 hours 


15 minutes............| 1.13 4 0.04* (22)Tf 1.09 + 0.03 (16) 
2nd hour 
1.13 + 0.06 (10) 1.06 + 0.08 (5) 
+AA + F§......... 1.15+ 0.05 (11) 1.12 + 0.08 (8) 
Fed 
15 minutes............| 1.05 + 0.03 (17) 1.07 + 0.03 (12) 
2nd hour 
1.07 + 0.04 (7) 1.09 + 0.05 (5) 
+AA + F§......... 1.08 + 0.02 (13) 1.01 + 0.04 (9) 


* Standard error. 

t Number of hemidiaphragms. 

t3 mmoles per |. of acetoacetic acid. 
§ 4 mmoles per |. of fumarie acid. 
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control] rats, was greater than that from fasted diabetic rats 
(Table I). Increasing the substrate concentration to 6 mmoles 
per |. raised the uptake by diaphragms from control rats (p < 
0.05), but had no effect on the uptake by diaphragms from 
diabetic rats. The uptake of acetoacetate by diaphragms from 
fed alloxan diabetic rats was again lower at 3 mmoles per I. of 
substrate level as compared to that by diaphragms from fed 
control rats. The addition of fumarate had no effect on the 
uptake, except in the case of hemidiaphragms from fasted control 
rats (Table II). The oxygen consumptions by diaphragms from 
control and diabetic animals were similar (Table III). The 
addition of acetoacetate or acetoacetate plus fumarate had no 
effect on oxygen utilization. At this time the more sensitive 
method of Bessman and Anderson (11) for the determination of 
ketone bodies, which differentiates between acetoacetic acid plus 
acetone and #-hydroxybutyric acid, became available. The 
experiments were repeated using the new method of analysis. 
Furthermore, since diaphragm is a specialized muscle adapted 
to constant activity, it was felt that results obtained with this 
tissue could not be interpreted as typical of skeletal muscle. 
Because of the large mass of skeletal muscle relative to diaphragm 
muscle and consequently its greater total utilization of aceto- 
acetate, the muscle fiber preparation was developed and studied. 
In Table IV it is shown that the oxygen consumption for the 
adductor muscle fiber groups averaged about 60 per cent of that 
of the value for the diaphragm over the first hour of incubation 
and 50 per cent over the second hour. These values appear 
reasonable when comparing a constantly active with an inter- 
mittently active muscle (15). When correction was made on 
the basis of dry weight, the oxygen consumption of our rat fibers 
was higher (4.4 wl. per mg. per hour) than that reported for 
excised dog muscle strips by Richardson et al. (2.4 ul. per mg. 
per hour) (16). One would expect a higher oxygen consumption 
in rats than in dogs because of the relatively higher basal heat 
production in rats (17). The fiber preparation took up less 
acetoacetic acid than the diaphragm. Both insulin deficient 
muscle preparations showed a significantly lower uptake as 


TABLE IV 
Oz consumption by muscle fibers from fed rats 
Series KP* AAt Glucoset Glucose plus insulin§ 
Control 
Diaphragm 
1.05 + 0.0494 (5)|| 1.10 + 0.03 (5) 
1.00 + 0.05 (5) 1.08 + 0.03 (5) 
Fibers 
0.72 + 0.06 (4) 0.68 + 0.03 (7) 0.74 + 0.03 (8) 0.68 + 0.05 (6) 
0.52 + 0.05 (5) 0.53 + 0.02 (8) 0.60 + 0.03 (8) 0.59 + 0.04 (5) 
Alloxan diabetic 
Diaphragm 
1.12 + 0.08 (6) 1.06 + 0.02 (6) 
1.09 + 0.07 (6) 1.04 + 0.03 (6) 
Fibers 
0.59 + 0.08 (5) 0.62 + 0.03 (5) 0.60 + 0.03 (5) 0.63 + 0.03 (4) 
ee ss 5 wee 0.47 + 0.04 (5) 0.52 + 0.02 (6) 0.48 + 0.04 (5) 0.50 + 0.02 (4) 


* Krebs phosphate medium. 

Tt Acetoacetate, 4 mmoles per 1. 

t Glucose, 150 mg. per 100 ml. 

§ Glucose, 150 mg. per 100 ml. plus 1.4 units per ml. of insulin. 
{ Standard error. 

|| Number of animals. 
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compared to the control preparations during both the first and 
second hour of incubation (Table V). In 4 out of 6 experiments, 
the addition of glucose and insulin! raised the acetoacetate uptake 
to a value 3 times the standard deviation or more. Further 
work, using C-labeled acetoacetate, is in progress to determine 
which pathways of acetoacetate metabolism in muscle are 
changed in the diabetic. : 

The uptake by the diaphragm was lower when measured as 
total ketone bodies instead of as acetoacetic acid, both in the 
control and diabetic series (Table V). A possible explanation 
could be that the diaphragm is converting 0.5 to 0.7 mg. per 
gm. per hour of acetoacetic acid to 8-hydroxybutyric acid. 
There was probably some uptake of B-hydroxybutyrate, as well 
as acetoacetate. Hemidiaphragms from 6 fed control rats 
showed an uptake of 0.56 mg. per gm. per hour of total ketone 
bodies at substrate levels of 6 mmoles per |. of pL-8-hydroxy- 
butyrate (analyses by the method of Lester and Greenberg (10)). 
Unlike the results in diaphragm, there was no difference in the 
uptake of acetoacetic acid and total ketone bodies by the ad- 
ductor fibers. As compared to muscle from control rats, both 
diaphragm and fiber preparations from diabetic rats had a 
decreased uptake in terms of total ketone bodies. That the 
enzyme systems involved were not saturated with ketone bodies 
is indicated by the fact that the addition of glucose and insulin! 
invariably increased ketone uptake in paired experiments. 
However, the number of animals involved in each series was not 
sufficient to warrant a statistical analysis. 

To determine whether or not the difference between the 
control and diabetic series could be explained by the passage of 
ketone bodies from the muscle into the medium, ketone body 
concentrations were measured after incubation of muscle in 
medium to which no substrate had been added. As can be seen 
in Table VI, the leakage of ketone bodies out of muscle was 
insignificant. 

These results on acetoacetate do not agree with those of 
Foster and Villee (18) on acetate. These workers demonstrated 
an increased acetate uptake by diaphragms from alloxan diabetic 
rats, although the amount of acetate oxidized to CO. was de- 
creased. However, acetate is not a physiological substrate for 
rat muscle, whereas acetoacetate is. Furthermore, acetoacetic 
acid is acvlated by a thiokinase which is specific for B-keto 
acids and different from the thiokinase that acylates acetate 
(19, 20). Therefore, it is not too surprising that acetate and 
acetoacetate uptakes are different. 

Ther: was no difference in the average dry weights (control 
16.2 + 0.3 per cent: diabetic 16.5 + 1.0 per cent) or per cent of 
nitrogen (control 2.19 + 0.09; diabetic 2.27 + 0.13) for fibers 
from the two series. 

Following incubation, there was no difference in the glycogen 
levels of fibers or diaphragm from control and diabetic rats 
without substrate (Table VII). The glycogen level was higher 
in the fibers than in the diaphragm. The addition of acetoacetic 
acid had no effect on glycogen concentration, whereas the addi- 
tion of glucose raised the glycogen in both fibers and diaphragm. 

When a comparison was made of glucose uptake by diaphragm 
and adductor fibers from the same fasted rats, the uptakes were 
similar (Table VIII), no adjustment being made for relative 
dry weights or nitrogen concentrations. The addition of insulin 


almost doubled the glucose uptake of the fibers. As expected, 


Lilly erystalline insulin free of hyperglycemic-glycogenolytic 
factor, courtesy of Dr. C. W. Pettinga. 


TABLE V 


Acetoacetate and total ketone body uptake (milligrams per gm. per 
hour of wet weight) by diaphragm and adductor muscle fibers 
from fed female rats in Krebs phosphate buffered medium 


(pH 7.4 to 7.5 plus 4 mmoles per |. of acetoacetate) 


Control Alloxan diabetic p 


Acetoacetate uptake, milligrams per gm. per hour 


Diaphragm 
addition; 
average over | 
2-hour period.) 1.62 + 0.03* (6)¢ | 1.31 + 0.05 (6) | <0.005 
With glucose 
and insulin ;{ 
average over 
2-hour period.| 2.16 (1) 1.67 + 0.12 (3) 
Adductor fibers 
No addition; Ist 
mee Cc ka 0.40 + 0.06 (8) 0.21 + 0.07 (6) | <0.05 
No addition; 
average over 
2 hour period.) 0.37 + 0.04 (8) 0.19 + 0.02 (6) | <0.01 
With glucose 
and insulin; 
average over 
2-hour period. 0.70 (1) 0.19 (1) | 


Total ketone body uptake, milligrams per gm. per hour 


Diaphragm 
No addition; 
average over 
2-hour period. 1.14 + 0.09 (6) 0.65 + 0.11 6) <0.01 
With = glucose 
and insulin; 
average over 
2-hour period. 1.39 (1) —6©1.08 + 0.03 (3) 
Adductor fibers | 
addition; | 
Ist hour. .... 0.46 + 0.04 (8) (4) <0.01 
No addition; 
average over 
2-hour period. 0.34 + 0.06 (8) 0.10 + 0.05 (6) | <0.02 
With = glucose | 
and insulin; 
average over 
2-hour period. 0.60 (1) 


* Standard error. 
+ Number of animals. 
t Glucose, 150 mg. per 100 ml. and insulin, 1.4 units per ml. 


the glucose uptake by fibers from diabetic animals was lower 
than from control rats (Table [X). The facts that the fibers 
from alloxan diabetic rats showed the same metabolic defect as 
has been demonstrated in diaphragm and also showed increased 
glucose uptake in the presence of insulin, indicate that the fiber 
preparation is suitable for metabolic studies. 

The circumstance that glucose uptake was similar in dia- 
phragm and adductor fibers, whereas acetoacetic acid uptake 
was greater in the diaphragm than in the adductor fibers, could 
be explained in several ways. Acetoacetic acid thiokinase might 
exist in larger quantities in diaphragm muscle. There is known 
to be a greater cyclophorase activity and mitochondrial content 
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TaBLE VI 
Acetoacetate and 8-hydroxybutyrate (milligrams per gm. per hour of 
wet weight) that escapes from diaphragm and adductor muscle 
fibers when the muscle is incubated in Krebs phosphate 
medium for 1- or 2-hour periods 


Control Alloxan diabetic 


Diaphragm 
1 hour 
Acetoacetate..... 
8-hydroxybuty- 
Average for 2-hour 
period 
Acetoacetate..... 
8-hydroxybuty- 
Adductor fibers 
1 hour 
Acetoacetate..... 
8-hydroxybuty- 
Average for 2-hour 
period 
Acetoacetate..... 
8-hydroxybuty- 


0.01 + 0.001* (5)t | 0.03 + 0.005 (6) 


0.006 + 0.002 (5) | 0.07 + 0.02 (6) 


3.3 +0.33 (4) 


1.2 +0.40 (4) 


0.02 + 0.001 (4) | 0.03 + 0.002 (6) 


0.005 + 0.003 (4) | 0.02 + 0.005 (6) 


* Standard error. 
+ Number of rats. 


TaBLeE VII 


Glycogen levels (grams per 100 gm.) in muscle from fed rats incubated 
for 2 hours in Krebs phosphate buffered medium (pH 7.4 to 7.8) 


Control Alloxan diabetic 
Diaphragm 
No substrate...... 0.06 + 0.01* (8)T 0.06 + 0.05 (6) 
4 mmoles per |. of 
acetoacetate...... 0.08 + 0.01 (8) 0.07 + 0.02 (7) 
150 mg. per 100 ml. 
of glucose....... 0.22 + 0.04 (5) 
Fibers 
No substrate...... 0.19 + 0.03 (5) 0.20 + 0.03 (6) 
4 mmoles per |. of 
acetoacetate...... 0.16 + 0.02 (5) 0.20 + 0.01 (5) 
150 mg. per 100 ml. 
of glucose....... 0.38 + 0.07 (5) 0.29 + 0.10 (6) 
* Standard error. 
t Number of experiments. 
TaBLeE VIII 


Glucose uptake (milligrams per gram per hour of wet weight) by 
diaphragm and adductor muscle fibers of fasted female rats 
over a 2-hour period 

Krebs phosphate buffered medium with 150 mg. per 100 ml. of 
glucose, pH 7.4 to 7.5, was used. 


No. of rats Glucose uptake 
Diaphragm.......... 6 2.49 + 0.17* 
14 2.01 + 0.12 


* Standard error. 
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TaBLE IX 
Glucose uptake (milligrams per gm. per hour) by adductor muscle 
fibers from fed female rats in Krebs phosphate buffer medium 
plus 150 mg. per 100 ml. of glucose (pH 7.4 to 7.5) 


Control Alloxan diabetic 
alloxan 
First hour....... 1.50, 1.50, 1.27 | 0.88 + 0.14* (5) 
Average of 2-hour 
period 
No insulin.....| 1.22 + 0.06 (9) | 0.65 + 0.09 (6) | <0.005 ? 
Plus insulint...| 2.43f + 0.17 (7) | 0.20, 0.60, 2.13§ 


* Standard error. 
t p for control with and without insulin < 0.005. 


{1.4 units per ml. 
§ Each value represents at least a 3-fold increase in utilization 


as compared to the utilization without insulin. 


TABLE X 


Creatine phosphate levels (milligrams per 100 gm. P) in striated 
muscle of fed female rats 


Heart Diaphragm Skeletal 


13.3 + 0.07* (17)T 32.2 + 1.2 (4) 75.1 + 0.77 (15) 


* Standard error. 
t Number of rats. 


(3-5) in diaphragm than in skeletal muscle. 
Perry (4), the relative amounts of creatine phosphate reserves 
and glycolytic activity are lower in constantly active muscle than 
in intermittently active muscle. The relative values found in 


our laboratory for creatine phosphate places diaphragm muscle | 
Therefore, there | 


between heart and gastrocnemius (Table X). 
seems to be a lower ratio of glycolytic enzyme activity to tn- 


carboxylic acid cycle enzyme activity in diaphragm than in | 
If much of the acetoacetic acid that disap- } 


skeletal muscle. 
peared were being oxidized by way of the tricarboxylic acid cycle, 


one might expect more acetoacetic acid to be utilized by the 
diaphragm than the adductor fibers. Furthermore, the rat } 


diaphragm is covered on both sides by complex membranes, the 
peritoneum and the pleura, which might differ in permeability 
and metabolism from the muscle cells. This mesothelial cover- 
ing seems to be characterized by numerous microvilli (21, 22), 
the purpose of which is as yet speculative. However, whether 
their function is secretory, absorptive, or merely to increase cell 
surface, it seems quite possible that they may have permeability 
characteristics of their own, different from those of the cell 
membrane of the underlying muscle. Below the microvilli lies 
a layer of ovoid mesothelial cells, then a double basal membrane, 
a layer of finely fibrillar material and finally, the organized 
collagenous tissue. The muscle fiber groups have no similar 
nonmuscular coverings. However, it is possible that the muscle 
fiber preparation has a predominant number of cut fibers in 
which permeability is no longer a limiting factor as far as glucose 
metabolism is concerned (23). 
glucose uptake by the fiber in the presence of insulin could not be 
explained in terms of an increase in permeability. 

Since these data suggest that this fiber preparation may be 
different from the diaphragm in the relative importance of the 
metabolic pathways concerned with glucose and ketone body 
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metabolism, we intend to investigate the effect of hormones 
other than insulin on fiber metabolism. Some of the dis- 
crepancies between results in vivo and in vitro may be due to the 
use of diaphragm muscle as typical of skeletal muscle. 


SUMMARY 


1. A technique of preparing viable adductor muscle fiber 
groups from the rat for use in comparison with the diaphragm 
in a Warburg apparatus has been developed. 
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2. Both diaphragm and adductor fibers from alloxan diabetic 
rats take up less acetoacetic acid than diaphragm and fibers from 
control rats. 

3. The adductor muscle fibers from control rats take up 
approximately the same amount of glucose as the diaphragm, 
but one quarter as much acetoacetic acid as the diaphragm. 

4. The adductor muscle fibers from diabetic rats take up less 
glucose than fibers from control rats. The addition of insulin 
increases glucose uptake by adductor muscle fibers. 
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Testicular estrogen secretion is believed by many workers to 
provide the pituitary-inhibiting action necessary for the balanced 
function of the pituitary-gonadal axis in the male. Estrogens 
are known to occur in male urine, and their concentration can 
be increased by the administration of chorionic gonadotropin. 
However, since testosterone is readily metabolized to estrogen 
(1), the direct testicular origin of urinary estrogen cannot be in- 
ferred from these studies. Estrogen has been found in testicular 
tissue at a concentration of 23,000 mouse units per 350 gm. of 
stallion testis tissue, but at only 0.09 per cent of this level in bull 
testis (2,3). Beall (4) isolated 0.36 mg. of estrone and 0.21 mg. 
of estradiol per kg. of stallion testis tissue. Goldzieher and 
Roberts (5) found small amounts of estrone and estradiol in the 
testes of mature human adults. The presence of a steroid in an 
endocrine organ, however, is no proof of its synthesis at that site, 
nor does the ability of the tissue to metabolize a steroid prove that 
the products are released into the blood stream in physiologically 
significant amounts. No estrogen synthesis was observed in 
perfusion or slice incubation experiments with bull testis (6, 7). 
On the other hand, Paschkis and Rakoff (8) alluded to high levels 
of estrogen in stallion spermatic vein blood, but experimental 
details were not given. 

As a result of the evidence cited above it was decided to use 
sodium acetate-1-C' for a study of the synthesis and release of 
testicular estrogen, by means of an intra-arterial infusion study 
of one testicle in situ, and, as a parallel experiment, a study of 
the other testicle in a perfusion system. Considerable effort was 
devoted to the development of a technique for the isolation and 
cannulation of the intact stallion spermatic artery under totally 
aseptic conditions. This artery is surprisingly small for the size 
of the organ supplied, and is enmeshed by the large and very 
fragile veins of the pampiniform plexus. Moreover, the artery 
develops extreme spasm on chilling or manipulation, and the 
spasm can be relieved only in part by the local application of 
xylocaine. This spasm prohibited a satisfactory infusion experi- 
ment since only a small amount of blood circulated through the 
testis in a period of about 1 hour. The perfusion experiment, on 
the other hand, proceeded satisfactorily and is the subject of this 
report. 


EXPERIMENTAL 


A 34-year-old stallion was given 130,000 i.u. of chorionic 
gonadotropin (A.P.L., Ayerst Laboratories, New York, New 
York) over a period of 6 days in single daily injections of 20,000 
i.u. except on the 4th day when only 10,000 i.u. were given. 24 
hours after the last injection, the horse was anesthetized with 
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continuous intravenous sodium pentothal and one testicle was 
removed under aseptic conditions immediately after the injec- 
tion of 1000 iu. of heparin into the artery. The artery was 
cannulated quickly, the preparation was placed in a perfusion sys- 
tem (9) within 45 minutes of the time of interruption of circu- 
lation, and it was perfused with a sterile solution composed of 
equal parts of defibrinated horse blood and White’s solution. 
Perfusion was continued for a period of 24 hours. 2 me. of 
sodium acetate-1-C™ were added in sterile saline to the perfusing 
medium 13 minutes after the infusion was started. At the 
termination of the perfusion, the perfusion fluid was drawn off 
and centrifuged in order to separate cells and supernatant. 100 
ml. of unwashed, packed red cells and 250 ml. of perfusate were 
obtained in this fashion. The testicle was sliced sagitally, and 
sections were taken from four areas for histological study. 

The testicular tissue was separated from the tunica, minced 
finely, and an equal volume of Delsal’s reagent (10) (4 parts 
dimethyl formal to 1 part methanol) was added with shaking. 
The precipitate was centrifuged down, and this process was re- 
peated for a total of 12 times. 

Red cells and supernatant were processed in a slightly different 
manner. To each fraction was added an equal volume of aque- 
ous 10 per cent zine sulfate. This was mixed and allowed to 
stand for 5 minutes, and then a volume of aqueous 2 per cent 
NaOH was added. This was allowed to stand for 10 minutes 
and was then centrifuged. The protein-lipide precipitate was 
washed twice with distilled water. ‘A volume of Delsal’s reagent, 
equivalent to the original volume of red cells or supernatant, was 
added, and the cake was broken up and shaken exhaustively. 
This extraction procedure was repeated for a total of 12 times. 

The extracts were all handled in the same manner. To each 
volume of extract was added 2.5 volumes of redistilled diethyl 
ether, 1 volume of redistilled isopropyl ether, and 1 volume of 1 
per cent aqueous acetic acid. The mixture was shaken thor- 
oughly, the aqueous phase discarded, and the ether phase washed 
once again with 1 volume of 1 per cent acetic acid. The ether 
phase was reduced to a convenient volume by distillation under 
nitrogen and vacuum at a temperature below 60° (conditions for 
all evaporations). Small aliquots of these extracts were taken 
and counted by liquid scintillation in a Packard Tri-Carb spec- 
trometer (Packard Instrument Company, La Grange, Illinois) 
without correction for quenching or for the efficiency of count- 
ing (48 per cent). The testis total lipides showed a count 
of 3.95 & 108, the red cell lipides a count of 1.4 X 10’, and the 
serum total lipides a count of 4.55 & 10’ c.p.m. 

The ether solutions were then partitioned according to the 
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method of Engel eé al. (11) into acidic, neutral, and phenolic 
fractions. The radioactivity of these fractions is shown in Ta- 
ble I. The acidic fractions were stored for future use. The 
neutral fractions were combined; the purification and identifica- 
tion of steroids from this material is reported elsewhere (12). 
The phenolic fractions were taken up in 200 to 250 ml. of absolute 
methanol which was then brought to 70 per cent with water. 
This was extracted six times with } volume carbon tetrachloride, 
and the latter was backwashed six times with equal volumes of 
70 per cent methanol. The combined methanol fractions were 
then diluted with water to a methanol concentration of 5 per 
cent and extracted six times with an equal volume of CCl. 
These CCl, extracts were reduced in a vacuum to a convenient 
volume, aliquots taken for counting (Table I), and each one then 
partitioned in a Craig 50 tube countercurrent machine with 
50-ml. phase volumes, in a CCl,-50 per cent aqueous methanol 
system (11). Radioactivity was present in all tubes, with poorly 
defined peaks in the tubes where estrone, estradiol, and estriol 
were known to distribute. The total counts in these regions are 
also shown in Table I. The contents of the tubes from each re- 
gion were combined and evaporated to dryness. The residues 
were extracted with absolute methanol, and quantities of carrier 
estrogen, ranging from 1.75 to 2.28 mg. were added except in the 
instance of the bulky testis tissue estrone fraction, to which 50.22 
mg. were added. Each of the estrone, estradiol, and estriol frac- 


tions from the red cells and from the serum was then chromato- © 


graphed on paper with parallel strips with appropriate standards. 
The ligroin-propylene glycol system of Savard (13) was first used. 
By permitting the ligroin to run off the paper for 24 hours, con- 
taminants such as_ progesterone, testosterone, androstene- 
dione, and possibly dehydroisoandrosterone were washed from 
the paper and separation of the estrogens was achieved. The 
proper areas of the chromatograms were cut into fine pieces which 
were extracted repeatedly with methanol with the aid of small 
filter beakers. The solvent was concentrated and the material 
was applied to paper and rechromatographed in the formamide- 
o-dichlorobenzene system of Axelrod (14). The appropriate 
areas were again eluted with filter beakers. The radioactivity 
of each fraction is shown in the table. The estradiol and estriol 
fractions from testis tissue were treated in a similar manner. 
Because of the size and activity of the testis estrone fraction 
(911,000 ¢.p.m.) a larger amount of carrier was added and this 
material was chromatographed on silica gel. Crystalline estrone 
was obtained from the 4 per cent ether in benzene fractions. 

Further carrier was added to each fraction and recrystallization 
from methanol was carried out. Radioactivity disappeared from 
all estriol fractions and from the red cell estrone and estradiol 
fractions with the first crystallization. 


DISCUSSION 


The procedure used for the extraction of the blood and tissue 
fractions has particular advantages for studies utilizing radio- 
acetate as precursor. The protein-lipide precipitate which 
results from the zine sulfate-sodium hydroxide step achieves sub- 
stantial concentration of the lipide material and permits discard- 
ing an aqueous phase which contains very large quantities of un- 
used acetate. Washing of the diethy] ether-isopropy] ether phase 
with acetic acid results in substantial further purification. The 
quantitative aspects of this extraction procedure have been 
studied in considerable detail and will be reported elsewhere. 
The pH in this procedure is never raised above 6.5, which seems 
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TABLE I[ 


Total radioactivity at various stages of 
fractionation (counts per minute) 


Fraction Red cells Plasma Testis 
c.p.m. c.p.m c.p.m 
Total lipide............ 14,000,000 | 45,500,000 | 395,000,000 
Engle (11) phenolic. 1,870,000 | 5,450,000 43 , 400, 000 
CCl,-methanol 
partition........... 400 , 000 1,300,000 17, 400, 000 
Countercurrent distri- 
bution: 
44, 200 209 , 000 911,000 
Estradiol. ........... 11,600 103 , 000 254, 000 
11,700 68 , 300 122,000 
After two paper chro- 
matographic sys- 
tems: 
Estronme.............. 3,750 44,400 |(On silica gel) 
Estradiol............ 900 18,000 38, 800 
TABLE II 
Radioactivity of crystalline estrogens 
Fraction Plasma Testis 
Estrone: 
Total counts per minute*........... 23 , 650 607 , 700 
Specific activity,f Crop 1; Crop 2...) 415; 431 | 12,000; 12,300 
Acetate, specific acitivity{.......... 392 11,700 
Estradiol: 
Total counts per minute*....... ....| 12,400 28,170 
Specific activity,t Crop 1; Crop 2..., 240; 287 554; 570 
Acetate, specific activity{........... 249 563 


* The result is obtained by multiplying the specific activity 
by the weight of carrier added. 

+ The results indicate the measurements of specific activity 
(counts per minute per mg.) of successive crops of crystals. 

t The specific activity is calculated for the free compound. 


to make it safe for studies in which the estrogenic ketols have to 
be preserved. Examination of the extraction procedure with 
regard to these compounds would seem worthwhile. Counter- 
current distribution was used essentially as a preliminary parti- 
tion procedure and further purification of the estrogenic fractions 
was achieved by chromatography in two paper systems as differ- 
ent from each other as possible. Even so, it is interesting to 
note that crystallization of the estrogens achieved further re- 
moval of contaminants. Although there were 3300 and 9000 
c.p.m. in the plasma and testis estriol fractions, respectively, es- 
sentially all the radioactivity remained in the mother liquors 
after crystallization. With plasma estrone and estradiol and 
with testis estradiol, the addition of carrier estrogen, recrystal- 
lization, and recalculation of the total counts from the specific 
activity of the crystals indicated the separation of 27.5 to 46 per 
cent of the counts as contaminants. 

A high concentration within testis tissue and ready release in 
substantial quantities into the circulation is not unique for the 
estrogenic steroids in the stallion. This high estrogen output is 
matched by a large production of other steroid compounds. 
Urinary steroid metabolites of testicular origin are observed in 
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the high pregnandiol excretion; the neutral 17-ketosteroid excre- 
tion may exceed 150 mg./24 hours. Thus the stallion testicle 
is a remarkable steroid factory, and the large estrogen synthesis 
previously considered to be unique may be merely a reflection of 
its total steroid synthetic ability. This is further borne out by 
the relatively high proportion of Leydig’s cells seen on histolog- 
ical examination. 

The ratio of radioestrone to radioestradiol at the end of 24 
hours was approximately 2:1 in the plasma, whereas in the testis 
it was 20:1. The latter ratio must be taken with some reserva- 
tions, since the procedure for the isolation of testis radioestrone 
differed from that for radioestradiol, and the recoveries may not 
have been equivalent. Nevertheless, the large difference be- 
tween these two ratios suggests either that estradiol was prefer- 
entially removed from the testis or that the ratio was altered by 
metabolism of the testis estrone. Preferential removal of es- 
tradiol seems unlikely in view of the similar radioactivity in estra- 
diol in serum and testis. Although it has not been demonstrated 
that there is estronase activity in the testis of stallions, it is 
known to occur in the testis of other species (15) and at the 
highest concentration of any tissue examined. It is therefore 
possible that the testis synthesizes only estrone directly and that 
this compound then undergoes a certain degree of conversion be- 
fore leaving the organ. It is also possible, although less likely, 
that estradiol is synthesized directly from a precursor other than 
estrone. Estronase activity has also been demonstrated with 
the blood of various species. In unpublished studies from this 
laboratory! it was shown that incubated radioestrone underwent 
as much as 63 per cent conversion to radioestradiol in 24 hours. 
Consequently, it is probable that estrone was converted during 


perfusion in the circulating medium as well. New York. 
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The testis of a gonadotropin-primed stallion was perfused with | 
horse blood and sodium acetate-1-C™ for 24 hours. The phenolic 
fraction was separated and purified by solvent partitions, coun- 
tercurrent distribution, paper chromatography on two different [ 
systems, and crystallization to constant specific activity of the 
free steroids as well as their acetates. Radioactive estrone and | 
estradiol were found in the testis tissue and serum; none was | 
found in the red cells, and no radioactivity was found in any of 
the estriol fractions. It is concluded that estrogens are syn- 
thesized by the stallion testicle and released into the circulating 
medium as well. 
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It is interesting to speculate whether the estronase system is 
merely analogous to, or perhaps identical with, the enzyme sys. 
tem responsible for the conversion of A‘*-androstenedione to 
testosterone, a reaction which has been demonstrated with testis | 
slices (16) and which was also revealed by the presence of highly 
radioactive A‘-androstenedione and testosterone in the neutral | 
steroids of the present experiment (12). | 


SUMMARY | 


Biol. Chem., 209, 437 (1954). t 
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Oxidation of Albumin-bound Palmitate-l-C" by Adipose 
and Hepatic Tissues of the Rat 


Seymour W. MILSTEIN* AND LEONARD H. DRISCOLL 


From the United States Army Surgical Research Unit, Brooke Army Medical Center, 
Fort Sam Houston, Texas 


(Received for publication, June 2, 1958) 


The unesterified fatty acids of the normal plasma lipides have 
recently been shown to be highly active metabolites (1-3). As 
water-soluble albumin complexes, they appear to have the 
greatest tendency among circulating fats to contribute to calori- 
genic processes, and may be prerequisite forms for the penetra- 
tion of long-chain fatty acids into oxidative sites (4, 5). 

The abilities of adipose tissue to convert small molecules into 


fat (6-11) and actively to absorb fatty acids from serum and 


synthetic emulsions in mtro have been amply demonstrated 
(12, 13). The possibility of fat oxidation in these depots, with- 
out prior hepatic intervention, may be inferred from earlier 
experiments which indicated the presence of various lipide 


oxidizing systems in such tissue (11, 14) and from recent data 


showing intact fat cells capable of utilizing short-chain fatty 
acids (15). We have obtained a significant rate of oxidation of 
an albumin-bound palmitic acid-1-C™ substrate by normal rat 
adipose tissues. The effects of starvation, alloxan-diabetes, and 
insulin treatment on this process were also studied. Data were 
obtained from liver slices for comparison. 


EXPERIMENTAL 


Treatment of Animals—Adult male Sprague-Dawley rats 
weighing between 300 and 450 gm. were used. Unless other- 
wise indicated, animals were fed ad libitum on a stock Purina 
chow diet (Ralston Purina Company). Diabetes was induced 
by the subcutaneous injection of a 10 per cent solution of alloxan 
monohydrate in water (100 mg. per kg.) in rats fasted for 48 
hours. Only those rats that survived untreated for at least 21 
days were used in this series. Protamine zinc insulin (Lilly 


- Research Laboratories) was administered subcutaneously to 


another group of normal rats. The last injection was given 
routinely 3 hours before they were killed by a sharp blow on 
the head, after which they were thoroughly exsanguinated, and 
the required tissues were rapidly removed. Blood sugars were 
determined by the method of Durham et al. (16). 

Incubation Procedure—Adipose tissue fragments and _ liver 
slices were prepared and incubated as previously described (6). 
The incubation medium consisted of 5.0 ml. of buffer and 1.0 
ml. of the labeled substrate solution. The latter was prepared 
as follows. Palmitic acid-1-C™ (11.2 mg., specific activity 1.70 
me. per mmole), obtained from the New England Nuclear 
Corporation, was dissolved by boiling it for about 5 minutes in 


* Chief, Biochemistry Branch, United States Army Surgical 
Research Unit, Brooke Army Medical Center, Fort Sam Houston, 
Texas. 
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100 ml. of 0.9 per cent saline made slightly alkaline (pH 8). 
After the solution cooled, 1008 mg. of crystallized bovine plasma 
albumin (Armour Laboratories) were added slowly with constant 
stirring. The resulting clear solution was brought to pH 7.2. 

Aliquots of the respiratory carbon dioxide evolved during the 
incubation were converted to BaCO; and counted (17), the 
results being corrected to values at ‘infinite thinness.’’ 


RESULTS 


An initial experiment was designed to establish a suitable 
working range of tissue weights, and to test the validity of our 
randomly selected substrate concentration. Varying amounts 
of liver slices and epididymal adipose tissue fragments obtained 
from the same normal rat were incubated under standardized 
conditions. The evolution of C“O, from the substrate in the 
absence of any tissue was determined in separate control flasks. 
These ‘“‘blanks” proved to be of substantial magnitude (18), and 
the use of freshly prepared substrates or preparations that con- 
tained oxytetracycline failed to reduce their size appreciably. 
Control values were determined routinely thereafter and sub- 
tracted from simultaneous tissue runs. The results indicate 
that palmitate-1-C™ oxidation is a linear function of the tissue 
weights used (Fig. 1). Since the recoveries of CO, fell below 
10 per cent of the total C content per flask, it seemed that the 
amount of substrate used would be adequate to provide saturat- 
ing conditions for any anticipated increases in tissue activity. 

Table I summarizes the data obtained with the use of tissues 
from normal, fasted, diabetic, and insulin-treated rats. Both 
liver and adipose tissue from normal rats utilize the palmitate- 
1-C™ for combustion. Fasting up to 84 hours appears to have 
no significant influence on adipose tissue fat oxidation, whereas 
liver tissue responds with rates on the high side of the normal 
range. Prolonged fasting (10 days) did not affect the rate of 
fat catabolism in the liver but induced a pronounced elevation 
of the rate in adipose tissue. There is a less marked increase in 
the rate of palmitate oxidation by the depleted adipose tissues 
of severely diabetic rats. Livers from these animals, however, 
maintain normal levels of fat oxidation to carbon dioxide. In- 
sulin-treated rats exhibit a depression in their hepatic fat oxida- 
tive capacities, but their adipose tissues show no significant 
changes from the normal spread. 


DISCUSSION 


We have demonstrated the ability of intact adipose tissue 
fragments to oxidize a palmitic acid-albumin complex in vitro. 
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OXIDATION IN VITRO OF ALBUMIN-BOUND PALMITATE-I-c'* 


Comparison of equal wet weights of 
normal liver and adipose tissue. 


8 


3 
8 


DURING 3HR. INCUBATION AT 37°C. 


L 


COUNTS/MIN. EVOLVED AS RESPIRATORY C'*0, 


T "7 T 
400 500 600 


300 
mg. TISSUE 
Fic. 1 


200 


TABLE I 
Oxidation of albumin-bound palmitate-1-C'* by adipose and hepatic 
tissues of rat 

Liver, 300 mg., and adipose tissue (when available), 500 mg., 
were incubated in a total volume of 6 ml. of buffer for 3 hours at 
37°. All final counts were adjusted to correspond with values 
obtained with the initial substrate C'* content of 850,000 c.p.m. 
per ml. 


Oxidation of Albumin-bound Palmitate-1-C™ 


Animal condition Adipose tissuef Livert 
16 926 + 412¢ | 16 | 6860 + 1374} 
Fasted 

ORES 1 614 1 | 7297 

wena sous 3 1382 + 443 3 | 9409 + 1327 

SEG rer 5 | 9638 + 3828 | 2 | 8933 + 3970 
Diabetic$. 7 5510 + 943 5 | 6258 + 341 
Insulin-treated|| 

5 1330 + 658 3 | 3634 + 1205 

2 1328 + 239 1 | 3207 


* Number of individual determinations. 

t Counts per minute in C!*O, yield per 100 mg. 

t Mean + standard deviation. 

§ Nonfasting blood sugar range, determined at death: 404 to 
629 mg./100 ml. 

|| 20 units protamine zinc insulin, subcutaneously, daily. 

§ Nonfasting blood sugar range, determined at death: 25 to 
38 mg./100 ml. 

** Nonfasting blood sugar range, determined at death: 18 to 
26 mg./100 ml. 
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Although samples of the depot tissue show considerable vari- : 


ability, the average, on an equal wet weight basis, has about one- | 


eighth of the oxidative capacity of liver. If a comparison were 
made on a tissue protein or nitrogen content, the adipose tissue 
would appear superior (6). It is possible that the depot fats 
sampled for our determinations came from rats which were 
killed in different postprandial states. Metabolic activities of 
adipose tissue can be made relatively constant by the depletion 
of fat stores followed by recovery feeding (19). This procedure 
would have been practical only in the normal rats which were 
used in these studies and therefore it was not adopted. 

Loss of fat is the predominant feature of adipose tissue de- 
pletion in undernourished animals. As a result, in such cases 
there is a rise in concentration of nitrogen in the depot tissue to 
as high as 2 to 3 times the normal value (6, 19, 20). This, in 
part, may account for the large increase in oxidative capacity 
observed in the adipose tissues of the diabetic animals and those 
that had been fasted for ten days. However, an actual increase 
in the specific activity of the residual catalytic protein may 
also have occurred. Itis interesting to note that liver slices of the 
diabetic rats maintained a normal rate of fatty acid catabolism, 
z.e. complete oxidation to carbon dioxide. If adipose tissue does 
indeed represent a potent site of fat combustion in vivo, it may 
be an important participant in the increased fat oxidation 
of the diabetic animal (21) in which the liver is primarily a 
ketone producer (22). Insulin treatment of normal rats resulted 
in a depression of fatty acid oxidation in the liver (21) but 
left that in adipose tissue relatively unaffected. 


In the untreated diabetic rat, emaciation may result from a | 
combination of an extensive fat mobilization (23), an abolished - 


lipogenesis (6), and an increased fat oxidation in the depots. 


SUMMARY 


1. The oxidation of albumin-bound palmitate-1-C™% by rat 


liver and adipose tissue has been demonstrated in vitro. 

2. Normal adipose tissues are about one-eighth as active as 
equal wet weights of liver. 

3. Prolonged fasting and alloxan diabetes depleted the fat 
depots and markedly elevated their capacities for fatty acid 
oxidation. Livers from such animals show normal rates of 
oxidation. 

4. Insulin administration depressed oxidation of the fat 
complex in the liver, but it had no significant effect on its catab- 
olism in adipose tissue. 
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The Incorporation of C"-acetate into the Lipides of 
Tissues Undergoing Cell Division* 
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In earlier studies in which the metabolism of radioactive 
phosphorus was measured in a number of compounds of re- 
generating rat liver at various periods following partial hepa- 
tectomy, it was observed that the most rapid uptake of the iso- 
tope by the acid-soluble, nucleic acid, and protein fractions 
occurred before the period of active cell division. On the other 
hand, the most rapid incorporation of P® into phospholipides 
was coincident with the period of greatest mitotic activity (1-3). 
Subsequent studies revealed that this occurred in the cephalins 
of the nucleus, the lecithins of all parts of the cell, and the 
sphingomyelins of the cytoplasmic supernatant fraction (4), and 
that it was also associated with cell division in the testosterone- 
stimulated rat seminal vesicles and prostate (5). 

The present studies are a further investigation of the formation 
of phospholipides in regenerating rat liver in which there is 
increased mitotic activity, and in a transplanted tumor that 
possessed a similar mitotic rate. C'-acetate incorporation has 
been measured in the glycerol, fatty acids, and nitrogen bases of 
the phospholipides, the fatty acid and glycerol portions of the 
triglycerides and in cholesterol. 


EXPERIMENTAL 


Male Holtzman rats, 3 to 6 months old, were used. Hepa- 
tectomies were performed as described previously (1), and the 
animals were killed either 18 hours or 3 days following the 
partial hepatectomy. One hour before being killed each animal 
received a subcutaneous injection of a solution of sodium acetate- 
2C', at a level of 0.01 mmole (20 we.) per 100 gm. of body 
weight. This incubation period was selected after measure- 
ments of uptake at 30, 60, 90, and 120 minutes showed that this 
interval was on the ascending limb of the uptake curves of all 
the substances under consideration. The livers were perfused 
in situ with cold 0.9 per cent NaCl, homogenized in a small 
quantity of 95 per cent ethanol using a Potter-Elvehjem type 
homogenizer, and extracted for 10 minutes at 55° in 95 per cent 
ethanol. Three additional extractions were made at 55° for 
similar periods with ethanol-diethyl ether (2:1), and the extracts 
were pooled, taken to near dryness under vacuum, and the 
residues extracted repeatedly with petroleum ether-chloroform 


* Supported in part by grant-in-aid CY-928 from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service; and in part by institutional grants to the 
Detroit Institute of Cancer Research from the American Cancer 
Society, Southeastern Michigan Division and the American Can- 
cer Society, Inc. 


(6:1). These solutions were washed with water until the 
washings contained no radioactivity, and finally they were 
dried over anhydrous Na2SQ,. 


Each solution was reduced to a volume of 1 to 2 ml. undera © 


stream of nitrogen, 7 volumes of acetone were added, and the 
mixture was stored overnight in the cold at 3° to permit complete 
precipitation of the phospholipides. The supernatant layer 
was taken to a small volume under nitrogen, and the acetone 
precipitation was repeated. The two precipitates were com- 
bined, dissolved in chloroform, and reprecipitated twice. 

The final phospholipide precipitate was hydrolyzed in 6 n 
HCl for 90 minutes, and the fatty acids were extracted from the 
hydrolysate with petroleum ether. Barium glycerophosphate 
was prepared from the fatty acid-free residue essentially ac- 
cording to the method of Folch (6). It was dissolved in water 
with the aid of a few drops of 6 n HCl, neutralized with 2 n 
NaOH, and converted to the sodium salt by passage over the 
cation exchange resin Amberlite [RA 400. 

The supernatant solution remaining after the preparation of 
barium glycerophosphate was combined with the serine pre- 
cipitate obtained during the isolation of the glycerophosphate, 
and Ba ion was removed with CO2. The resulting solution 
contained the nitrogen base portion of the phospholipides. 

The neutral lipides were transferred to ethanol and saponified 
for 30 minutes using 3 ml. of 30 per cent NaOH. Water was 


added to make a solution of 50 per cent ethanol; cholesterol was — 


removed by 4 extractions with petroleum ether, transferred to 
absolute ethanol, and precipitated as the digitonide. The 
digitonide was discharged with pyridine, and the cholesterol 
transferred to diethyl ether and estimated with the Liebermann- 
Burchard reaction (7). 

The mixture remaining after the extraction of cholesterol was 
acidified with HCl, and the fatty acids were extracted with 
petroleum ether. The fatty acid-free solution was taken to 
dryness and the last traces of water removed by repeatedly 
extracting with benzene and removing it under vacuum. Glyc- 
erol was then extracted from the thoroughly dried residue with 
pyridine, and the pyridine removed under vacuum. The 


glycerol was finally taken up in 95 per cent ethanol and deter- | 


mined by the method of Voris et al. (8). Fatty acids were 
determined quantitatively by titration in an ethanolic solution 
with KOH, and calculated as stearate. Glycerophosphate was 
determined according to the method of Burmaster (9), and 
nitrogen by the method of Ma and Zuazaga (10). 
Radioactivity was determined in all of the samples after 
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TABLE 
Acetate incorporation into lipides of rat liver* 


Phospholipides Glycerides 
Cholesterol 
Fatty acids Glycerol | N basest Fatty acids | Glycerol 
Normal liver............ 1351 + 133 5092 ' 2488 + 238 1091 + 253 807 1875 + 249 
Regenerating liver: 
NS eo apes 1101 + 21 6802 4157 2349 + 592 6217 7255 + 1073 
6131 + 456 6593 4263 + 535 2657 + 84 1929 3183 + 507 


* Values are counts per minute found in each substance in 1 gm. of tissue. 
18-hour liver N-base value, which represents only 2 determinations. 


There were 4 animals per group except in the case of the 


Figures are means and standard errors of mean values. Values 


shown for glycerol have been calculated from two other sets of data, one of which (tissue concentrations of glycerol) is itself calcu- 


lated, and therefore standard errors are not given. See text. 

+ N bases are expressed as mg. of N. 

TABLE II 
Specific Activity of acetate-C'4 in lipides of rat liver* 
Phospholipides | Glycerides 
Cholesterol 
Fatty acids Glycerol N basest Fatty acids Glycerol 

Normal liver........... dea 96 + 12 2142 + 183 7087 + 437 178 + 34 2338 + 568 1352 + 213 
Regenerating liver: 

we 94 + 24 2574 + 720 10995 99 + 8 2098 + 368 4280 + 598 

SNe een ....| 866 + 21 2953 + 432 10960 + 1161 427 + 46 2129 + 553 1475 + 708 


* Values are means and standard errors of the mean values. There were 4 animals per group except in the case of 18 hour regenerat- 


ing liver N base value, which represents only 2 determinations. 
t Values are counts per minute per mg. of N. 


The figures are counts per minute per mg. 


TABLE III 
Lipide contents of rat livers* 
Phospholipides Glycerides 
Cholesterol 
Fatty acids Glycerol N basest Fatty acids Glycerol 

Normal liver............ 14.3 + 0.5 2.6 0.35 + 0.02 4.3+ 0.1 0.55 1.42 + 0.11 
Regenerating liver: ‘ 

SEMAINE 16.1 + 0.9 3.0 0.40 24.7 + 5.0 3.08 1.72 + 0.16 

16.5 + 1.0 3.1 0.39 + 0.04 6.4 + 0.8 0.81 1.77.4 0.08 


* Figures are means and standard errors of the means. 
amounts of fatty acids present, and no standard errors are given. 
t See second footnote to Table I. 


plating them in stainless steel planchettes in quantities small 
enough so that it was not necessary to correct for self absorption.! 
They were counted with a windowless gas flow counter and a 
standard scaling assembly. 


RESULTS 


The incorporation of radioactivity into the lipide fractions, 
calculated per gm. of tissue, is shown in Table I. It was not 
possible to obtain quantitative recoveries of either glycerol or 
glycerophosphate, and the values given for these were calculated, 
on the basis of each individual determination, from specific 
activities and the tissue concentrations for these substances 
(Tables II and III). The glycerol and glycerophosphate con- 


' Authors’ unpublished data. 


Values for both phospholipide and glyceride glycerol are calculated from 
See also first footnote to Table I. 


centrations were estimated from the amounts of fatty acids of 
triglycerides and phospholipides, respectively. In the case of 
the latter, the relative amounts! of cephalins, lecithins, inositol 
phosphatides, and sphingomyelins in the tissues were taken 
into consideration in making the calculations. 

Radioactivity from acetate-2C™ was incorporated readily into 
all portions of the phospholipides and glycerides (Table I and 
II). This is in contrast to the findings of Pritchard (11), who 
reported that when measurements were made in vitro, there was 
relatively little activity incorporated into the glycerol or nitrogen 
base moieties of phospholipides, employing acetate as precursor. 
Apparently, the pathways of formation of glycerol and nitrogen 
bases from acetate are relatively inactive in vitro. 

There were no changes in the amounts of phospholipides 
throughout the period of regeneration studied (Table III), but 
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TaBLE IV 
Lipides of normal and tumor tissue* 
Normal Liver Tumor 
Lipide 
Specific activityt Amountf C4 Incorporated§ Specific activity Amount C'* Incorporated 
Phospholipide: 
Fatty Acids... 386 + 68 14.4 + 0.8 5372 + 983 601 + 50 6.6 + 0.5 4087 + 598 
5979 + 514 15898 3574 + 526 1.2 4937 
N bases] 15795 + 1550 0.39 + 0.05 6280 + 1084 14870 + 3180 0.18 + 0.03 3114 + 1069 
Glyceride: 
8 ee ee 1144 + 302 4.7 + 0.3 5316 + 1327 505 + 88 5.1 + 0.5 2560 + 576 
4168 + 1580 0.59 2421 699 + 127 0.63 422 
Cholesterol................ 1711 + 110 1.38 + 0.12 2169 + 192 590 + 88 3.84 + 0.12 2268 + 340 


*8 tumors and 7 normal livers were studied. 

regarding standard errors of glycerol values. 
t Values are counts per minute per mg. of substance. 
t Values are mg. per gm. of tissue. 


Figures are means and standard errors of mean values. See first footnote to Table I, 


See also second footnote to Table IT. 


§ Values are counts per minute incorporated into the substance per gm. of tissue. 


| See second footnote to Table II. 


there was a marked increase in the specific activity of phospho- 
lipide fatty acids at the time of active cell division (3 days), 
and not before it (Table IJ). The net result was a considerable 
increase in the incorporation of radioactivity into phospholipide 
fatty acids coincident with the period of rapid mitotic activity. 
There was no change, however, in the incorporation of acetate 
into the glycerol portion of the phospholipides (Table I). There 
was an increased incorporation of acetate into the nitrogen 
bases of the phospholipides before the onset of cell division (18 
hours), and no further increase during the period of active cell 
division (3 days). 

An increase in the amount of glycerides in the liver was ob- 
served at 18 hours, but not at 3 days. Others have observed 
increased concentrations of lipides in regenerating liver during 
the first few hours following partial hepatectomy (12, 13), and 
it is presumed to be caused by an influx of lipides from depot 
stores. The increased incorporation of radioactivity into fatty 
acids and glycerol of glycerides at 18 hours is undoubtedly due 
to this. Specific activities of these moieties (Table II) suggest 
that the glycerol portion of the incoming depot lipides is anab- 
olized at approximately the same rate as that in the liver, but 
that fatty acids of the depots are formed more slowly. 3 days 
after partial hepatectomy more acetate is being incorporated 
into glyceride fatty acids than that seen in the controls, but 
incorporation into glycerol is approximately normal (Table I). 
Cholesterol formation was markedly increased in regenerating 
livers before the time active cell division occurs, but the rate 
appears to be subsiding during the period of active mitosis 
(Table I). 

A study similar to that described above was carried out in a 
transplantable adenocarcinoma carried in Fisher strain rats. It 
originated as an acetylaminofluorene-induced hepatoma, and 
possesses a high mitotic rate. Lipides of this tumor were 
compared with liver lipides of healthy rats of the same strain. 
Only nonnecrotic tumor tissue was used, and the procedures 
were the same as those described above, except that the tumors 
could not be perfused before their removal from the animals. 
They were blotted free of blood, however, and contained very 
little of it when used in the experiments. 

Less phospholipide was found in the hepatomas than in 


normal livers, but both tissues contained similar amounts of 
glycerides, and the hepatomas contained more cholesterol than 
normal livers (Table IV). The phospholipide fatty acids from 
both the tumor and normal liver incorporated radioactivity to 
the same extent, but there was a much lower C" incorporation 
into the glycerol and nitrogen bases of the tumor phospholipides 
than was seen in normal liver phospholipides. Both the glycerol 
and fatty acids of tumor glycerides incorporated less _radio- 
activity than did those of liver, and there were similar amounts 
of C™ incorporated into cholesterol from the two tissues. 


DISCUSSION 


A comparison of the formation of phospholipides with glyc- 
erides on the basis of the present data must take into account 
the fact that not all the phospholipide fatty acids are in a glyc- 
erol-ester form. Work in this laboratory, however, indicates 
that the fatty acids and glycerol of lecithins and_ cephalins 
exhibit essentially the same changes in regenerating livers and 
tumors as the total phospholipide fatty acids and glycerol de- 
scribed here,! and the following considerations seem justified. 

p-a ,8-Diglyceride can be the precursor of triglycerides as well 
as of phospholipides (14-16) according to the following equa- 
tions. 


b-a,B-diglyceride + cytidine-diphosphate-choline 
— lecithin + cytidine monophosphate (1) 
b-a,B-diglyceride + fatty acid acyl-CoA 
— triglyceride CoA (2) 


The data on phospholipides in Table I suggest that before the 
time of mitotic activity (18 hours) there is no appreciable change 
in the rate of formation of fatty acids or of glycerol, or of di- 
glyceride from them. There is, however, an increase in the 
formation of N bases. 3 days after partial hepatectomy, when 
large numbers of mitotic cells are present, there was a greatly 
increased incorporation of C'* into phospholipide fatty acids, 
with little or no change in incorporation into the glycerol portion, 
and no further change in the incorporation into N bases. This 
might be explained on the basis of an increased rate of forma- 
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tion of fatty acids coincident with mitosis, but no change in 
either the rate of formation of glycerol, diglyceride, or of the 
rate of reaction (1). One might interpret the data of Table I, 
in an alternate view, as indicating an increased rate of esterifica- 
tion of fatty acids and glycerol to form diglyceride. This could 
account for the increased incorporation of C™ into the fatty 
acids of the phospholipides without assuming a change in the 
rate of formation of the fatty acids. However, it would be 
necessary to assume that the glycerol pool had a lower specific 
activity at 3 days, and that this approximately compensated 
for the increased rate of esterification, resulting in no net change 
in C'-incorporation into the glycerol of the diglyceride. Al- 
though this and other mechanisms are possible, they seem less 
likely than that suggested. 

Assuming that the rate of reaction (1) is unchanged at this 
time, the earlier observations (1-5) that phospholipides are 
phosphorylated fastest at the peak of mitotic activity may be 
explained on the basis that cytidine-diphosphate-choline is 
phosphorylated faster coincident with mitosis. 

It was interesting to observe that the ratios of radioactivity 
of phospholipide fatty acid to those of phospholipide glycerol do 
not change in a manner similar to the corresponding ratios of 
these moieties in the glycerides when normal livers are compared 
to 3-day regenerating livers. This may mean that fatty acids 
and glycerol are used for the synthesis of phospholipides that 
are not available for the formation of glycerides, and that have 
different rates of formation from those entering glyceride 
molecules. Another, and more acceptable, explanation is that 
synthetic processes exist for the formation of the two in addition 
to reactions (1) and (2), and the extent of activity of the various 
pathways of synthesis depend upon the physiological state of the 
cell. 

In this connection, it is recalled that Stein et al. (17) observed 
that mitochondria synthesize glycerides in vitro by a different 
system than do microsomes. This suggests that if the systems 
operate in vivo as they do in vitro the total glyceride synthesis as 
measured in the present experiments is actually a composite of 
two or more syntheses and may depend, in part at least, on the 
states or amounts of these two subcellular fractions present. It 
is not inconceivable that such a situation exists in the case of 
phospholipides as well. 

It is clear from the present and earlier studies concerned with 
phosphate metabolism in regenerating liver (1-4) and hyper- 
plastic prostate and seminal vesicle tissues that normal tissue 
growth accompanied by cell division is associated with an in- 
crease in the rates of certain of the reactions leading to the 
formation of phospholipides. Glycerides do not appear to be 
involved in the same manner, even in the metabolic pathways 
that the two classes of compounds are presumed to have in 
common. In the neoplastic tissue examined here and also in 
the same tumor and an azo dye-induced hepatoma with P® up- 
take studied earlier (18), there was a considerable difference in 
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phospholipide metabolism from that seen in normal tissues 
undergoing cell division. 

An understanding of the role of phospholipide metabolism in 
relation to the process of cell division would appear to be of 
fundamental importance in understanding cancer growth. The 
fact that phospholipides are involved in the structure of cell 
membranes suggests the possibility that the altered phospho- 
lipide metabolism in the tumor cells undergoing cell division 
could be reflected in a cell membrane having greatly altered 
permeability properties. This has been commented on earlier 
by ourselves (4), and others have considered cell membrane 
permeability as a controlling factor in metabolic activity within 
the cell (19, 20). Thus it is entirely possible that fundamental 
differences in metabolism in 3-day regenerating livers and the 
tumor studied here are dictated by the differences in the metabo- 
lism of phospholipides while the cells are in the process of 
mitosis. 


SUMMARY 


Acetate-2C"™ was administered to normal and partially hepa- 
tectomized rats, and to rats bearing a transplanted adeno- 
carcinoma, and the incorporation of radioactivity into the liver 
and tumor lipides was measured. 

C'* was readily incorporated into all parts of the phospho- 
lipide and glvceride molecules, as well as into the cholesterol 
fraction. Premitotic liver growth was associated with increased 
radioactivity incorporation into cholesterol and the phospho- 
lipide nitrogen bases, and with an increased incorporation into 
glyceride fatty acids and glycerol that was probably due to the 
influx of neutral fat into the liver, but not with any change in 
C" incorporation into the phospholipide fatty acids and glycerol. 
Mitotic activity in the regenerating liver was accompanied by a 
greatly increased incorporation into phospholipide fatty acids, 
possibly by a slight increase in the glycerol fraction, by no further 
change in the nitrogen bases, and by elevated incorporation 
into the glyceride fatty acids and glycero! over that seen in the 
controls. 

Much less phospholipide was found in the tumors than in 
the liver, and tumor phospholipide fatty acids incorporated the 
same amount of radioactivity as liver phospholipides, whereas 
the glycerol portion incorporated much less. Both glyceride 
fatty acids and glycerol of tumors incorporated less C™ than 
those from liver. 

The data suggest an altered phospholipide metabolism in the 
tumors over that seen in mitotic phase liver regeneration, and 
indicate that the relative availability of fatty acids and glycerol 
for phospholipide metabolism as compared to glyceride metab- 
olism is dependent upon the physiological state of the tissue 
under consideration. 
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The Metabolism of Acetone-2-C% by Intact Rats* 
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Tracer studies with intact rats (1-5) have indicated that 
acetone may be metabolized to acetate (1, 2), formate (3), and a 
3-carbon glycolytic intermediate (4, 5). Experiments in vitro 
(6) suggest a slow carboxylation of acetone to acetoacetate. 
However, despite the relatively slow metabolism of acetone (2, 3), 
the data of Sakami (3), Sakami and Lafaye (4), and Rudney (5) 
support the thesis that carboxylation to acetoacetate plays a 
minor role in acetone metabolism in vivo. Thus acetone is 
apparently catabolized to acetate and formate and to a 3-carbon 
unit which enters the glycolytic cycle, possibly via a common 
intermediate (4, 5). There is little evidence to indicate which 
of these two pathways is quantitatively the more significant, 
although the results with liver glycogen (3-5) suggest that both 
play important roles in acetone catabolism. 

Labeling patterns in tissue alanine, aspartic acid, and glutamic 
acid have been shown (7) to be useful in determining metabolic 
pathways. In an effort to obtain information concerning the 
routes of acetone catabolism, acetone-2-C" has been administered 
to rats and labeling patterns in the amino acids mentioned above 
and liver glycogen were determined. The results show that both 
pathways of catabolism are of major importance, that fasting 
or alloxan diabetes does not greatly alter the pathways, and that 
the capacity of the rat to oxidize acetone is quite limited. 


EXPERIMENTAL 


Acetone-2-C™ was obtained from Volk Radiochemical Com- 
pany, and had a specific activity (manufacturer’s data) of 
approximately 1 me. per mmole. . Iodoform prepared from a 
suitably diluted sample possessed less than 0.1 per cent of the 
total activity. <A saline solution (1 to 2 ml.) of the labeled 
acetone (plus carrier acetone when used) was administered by a 
single intraperitoneal injection to male albino rats (of Wistar 
origin) from our own colony. For the duration of the experiment 
the animals were placed in a glass metabolism chamber which 
was swept with a slow stream of air. The expired CO: was 
trapped in alkali. Data concerning the rats used, amounts of 
acetone administered, and CQ, excreted are presented in Table 
I, 

Diabetes was induced in some of the rats by intraperitoneal 


administration of 200 mg. of alloxan per kg. of body weight to the 


48-hour fasted animal. 
The rats from which tissue components were isolated were 
killed by a blow on the head 3 hours after the administration of 


* Supported in part by the United States Atomie Energy Com- 
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forty-first annual meeting of the Federation of American Societies 
for Experimental Biology at Chicago, April, 1957. 

t Present address, Chas. Pfizer and Company, Ine., Brooklyn, 
New York. 
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TABLE I 


Data concerning animals used, dosage of acetone-2-C"', 
and excretion 


Pretreatment of animal ©% exhaled as CO: 
gm. uc. mg. \0-3 hrs. 3-6 hrs. \6-24 hrs. 

29 | Normal 

30 | Normal 132 | 57 3 44 | 

51 | 9 days diabetic 149 58 

74 20 days diabetic | 161 | 30 | 34 | 

66 38 hours fasted | 1388 | 32 1.5,43 | 

50 Normal | C683 3.5 

58 | Normal 129 6.7 40 3.2) 4.0 

84 | Normal | 152 | 6.7} 40 3.6 4.6!) 18 

85 | Normal «+134 6.7 40 2.1} 2.8 16 

80 15 days diabetic 155 6.7 | 40 5.7; 7.8 

89 | 48 hours fasted 40 4.5; 6.7 | 29 


acetone-2-C™, Amino acids were isolated from “carcass” and 
liver protein hydrolysates by use of procedures previously 
described (7, 8). “‘Carcass” refers to the entire animal, except 
liver, including the washed gastrointestinal tract. Each isolated 
amino acid was purified, characterized, and degraded by methods 
discussed earlier (7-10). The isolation and degradation of 
liver glycogen have also been described (10). 

Carbon analyses and C" assays involved manometric measure- 
ment of carbon dioxide and determination of radioactivity with 
a vibrating reed electrometer (9). 


RESULTS AND DISCUSSION 


As shown in Table I, and in confirmation of previous studies 
(2-4), acetone in milligram quantities is quite rapidly metabolized 
by rats. Sakami and Lafaye (4) report oxidation of 27 per cent 
of a dose of acetone-2-C™ approximating 17 mg. per 100 gm. of 
body weight. When our animals were given 40 or 60 mg. of 
acetone, the rate of oxidation, as measured by expired CO,, 
was markedly depressed (Table I). No major differences in 
the rate of oxidation of 40 mg. of acetone were noted in diabetic 
or fasted rats, as compared to normal. We have measured the 
CO, excretion of a 120-gm. rat given 100 mg. of sodium acetate- 
1-C™ and found it to be approximately 50 per cent. Although 
this is less than the excretion previously observed (9) when 
about 5 mg. of acetate-1-C™ were used, it shows that the limited 
rate of oxidation of acetone-2-C"™ is not attributable to a slow 
oxidation of large amounts of acetate, one of the intermediates 
in acetone catabolism. 

The labeling patterns of the various tissue components are 
presented in Tables II to V. If specific activities of the isolated 
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TABLE II 
Distribution of C'* in isolated alanine 
| Carcass | Liver* 
Rat No. | Carbonst | | | Carbonst | 
Total muc./mmole , Sum of carbons 1-3 | Total muc./mmole | : : Sum of carbons 1-3 
% total % total 
29 15.8 24.7 | 62.8 | 4.2 | 91.7 | 73.5 2.7 | 74.2 | 3.4 98.3 
30 29.1 16.9 78.7 4.8 | 100.4 145.0 | 12.4 | 79.3 3.9 95.6 
50 0.6 67.0 | | 1.1 
51 4.5 | 47.2 46.3 7.1 | 100.6 | 20.4 | 33.4 56.9 13.8 104.1 
74 5.8 21.9 72.2 9.7 | 103.8 | 41.0 | 16.6 76.1 | 10.7 103.4 
66 i 12.4 19.7 64.8 10.5 | 94.0 | 72.1 18.3 56.2 | 25.5 100.0 
* These values have been corrected for dilution with carrier. 
t The carbons are carbon-1, COOH; carbon-2, CHNH:2; and carbon-3, CH. 
TABLE III 
Distribution of C'* in isolated glutamic acid 
Carcass Liver* 
Rat No. | Carbont | Carbonst 
Total Sum of carbons Total ' Sum of carbons 
myc./mmole | | 1-5 myuc./mmole 1-5 
Be. 2 3 | 2 | 3 | 
| total total 
29 56.9 (25.6 | 3.0 | 3.7 | 0.5 | 69.1 101.9 176.5 22.0; 6.1 | 7.8 0.5 62.9 99 .3 
30 73.5 24.8 4.2 5.2 | 0.9 | 66.5 101.6 259.0 19.3 7.5 | 10.5 0.9 61.4 99.6 
50 6.9 25.1 5.8 67.1 98 .0 7.8 28.9 | 60.7} 
51 32.4 (28.0 2.4 2.3 | 0.3 | 68.3 101.3 65.6 27.5 | 9.7 | 13.7 | 0.7 53.8 105.4 
| | 26.2 | 4.8 | 6.9 | 0.6 | 60.1 98.6 | 86.6 | 21.7 | 50.0t 
66 | 27.7 (25.369 7.6 0.4 57.4 97 .6 | 137.5 20.9 | 15.3 19.3 «0.0 35.7 91.1 | 

* These values have been corrected for dilution with carrier. | 

+ The carbons are carbon-1, COOH; carbon-2, CHNH:2; carbon-3, CH2; carbon-4, CH:; and carbon-5, COOH. 

t Obtained by Schmidt reaction on glutamic acid (9). ( 

( 
TasLe IV TABLE V 
Distribution of C' in isolated aspartic acid Comparative labeling patterns in glutamic acid after administration ; 
of acetate-1-C'*, pyruvate-2-C'%, and acetone-2-C' 
Carcass Liver* ( 
Rat No. | Acetate- _Pyruvate-| Weighted | Acetone- r 
Total & in carboxyl Total % in carboxyl | 1-C | 2-Cuf average} \ 
 myc./mmole carbons myc./mmoles | carbons 
| | | % of total radioactivity i 
29 29.8 92.1 72.6 71.7 From carcass of normal rats i 
30 39.4 87.6 109.5 63.9 Carbon-1, COOH ee 22 29 25 s 
50 3.4 96.1 3.1 87.7 Carbon-2, CHNH: a 13 3 3.5 h 
51 18.8 94.6 27 .6 69.2 Carbon-3, CH, ! 4 4.5 0 
74 10.6 87.0 43.7 54.0 Carbon-4, CH, ee 1.5 0.7 
66 16.8 $1.0 79.8 59.5 Carbon-5, COOH | 6 | 43 60 68 ‘ 
=i : — From liver of fasted rats | 

* These values have been corrected for dilution with carrier. Carbon-1, COOH | 35 12 24 21 fe 

Carbon-2, CHNH: ee 30 15 15 ¢ 
32C 
amino acids are to be compared, it should be noted that Rats 66 Carbon 3, CH © 

and 74 received approximately yne-half as many microcuries as Carbon-5, COOH a 33 36 oe 
the other animals. | th 

Radioactivity in carbon-5 of glutamate and the carboxyl * From Koeppe and Hill (9); fed rats used. | (1 
carbons of alanine and aspartic acid reflects the formation of + From Hill et al. (7) and Mourkides, et al.! ) 
acetate-1-C'* from acetone-2-C'™ (9, 11-13). Labeling in car- (3 acetate + pyruvate) 

: eRe { For carcass of normal rats, . For liver 
bons-2 and -3 of aspartic and glutamic acids and of alanine is 4 
indicative of metabolism of acetone-2-C'* via pyruvate (7). Pen (acetate + pyruvate) | se 
The results of the alanine degradations (Table II) clearly aha Ks 2 o 
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support the fact that acetone is converted to a 3-carbon inter- 
mediate of glycolysis (4, 5). Indeed, the patterns observed in 
the alanines of Rat 30 might be erroneously interpreted as 
indicating that most of the acetone was metabolized via pyruvate. 
However, the amount of labeling in carbon-1 of alanine (Table 
II) is several-fold that observed when pyruvate-2-C™ was given 
to rats (7). 

In contrast to alanine, the isolated glutamic and aspartie acids 
are (Tables III and IV), in most instances, predominately 
carboxyl-labeled. Although this carboxyl-labeling points to 
the acetate route, the significant activity in positions 2 and 3 
indicates some formation of pyruvate from acetone. It may be 
noted that in every case carbon-3 of glutamate has a slightly 
higher specific activity than carbon-2, as is expected (7) when 
pyruvate-2-C™ is metabolized. The results with alanine and 
glutamate show the value of these amino acids in exploring dua] 
routes of metabolism and emphasize the need for studying both 
amino acids. 

Recent experiments in this laboratory! have shown that fasted 
rats incorporate much less radioactivity from pyruvate-2-C' 
into carbon-5 of glutamate than do normal rats. This is particu- 
larly true of liver glutamic acid. Rats having alloxan diabetes 
for about 1 week also show less activity in carbon-5 of glutamate 
after pyruvate-2-C" administration, although the variation from 
normal is less than in the case of fasting. Thus the fasted 
animals, and to some extent the short term diabetics, appear 
to convert less pyruvate to acetate than do normal rats. More- 
over, fasted rats incorporate more C™ (from pyruvate-2-C'*) 
into carbon-3 of alanine than the nonfasted controls. It should 
be emphasized that the results' with fasted rats are quite con- 
sistent whereas those with diabetic rats are more variable. 

The increased percentage of labeling in carbon-3 of alanine and 
carbons-2 and -3 of glutamate correlated with the decrease in 
carbon-5 of glutamate observed with the fasted (Rat 66) and 
diabetic (Rats 51 and 74) animals seems to indicate an increase 
of the pyruvate route of acetone catabolism. However, in 
view of the discussion above concerning pyruvate metabolism 
in fasted and diabetic rats, a more likely explanation is that the 
variations caused by fasting or diabetes were attributable to a 
change in the metabolism of pyruvate formed from acetone, 
rather than a change in the metabolism of acetone itself. The 
variability and high carboxyl-labeling observed in alanine 
obtained from the diabetic rats are not easily explained. Also, 
it will be noted that the 9-day diabetic animal (Rat 51) was 
similar to the 1-month diabetic (Rat 74), although our experience 
has been that animals having diabetes of longer duration metab- 
olize pyruvate as do normal rats. 

It might be argued that all the data can be explained by con- 
version of acetone-2-C' to pyruvate-2-C™4, with subsequent 
formation of acetate-1-C" from the latter. The proof of formate 
production from acetone-1 ,3-C™% (3) makes such a hypothesis 
highly unlikely. Also, our results with a fasted animal (Rat 66) 
eliminate this possibility. Rat 66 had 35 per cent of the total 
activity of liver glutamate located in carbon-5. This is 10-fold 
that observed when pyruvate-2-C™ was given to fasted rats 
(Table V). 

Rat 50 received 60 mg. of carrier acetone in addition to the 


1 Mourkipes, G. A., Hiti, R. J., Koeppre, R. E., manu- 
script in preparation. Preliminary report, Proceedings of the 
IVth International Congress of Biochemistry, Vienna, Septem- 
ber, 1958. 
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3-mg. tracer dose. Unfortunately, the isolated amino acids have 
very low specific activities which make accurate degradations 
difficult, if not impossible. The high percentage of total activity 
observed in carbon-1 of the carcass alanine from this animal 
suggests an increase of the acetate route when large amounts 
of acetone are present. However, the glutamate data do not — 
seem to support this concept. In view of the somewhat ques- 
tionable data ascribable to low activities, no speculation is 
justified. 

Since labeling in glutamic acid reflects both routes of acetone 
catabolism, it is of interest to compare the results with those 
obtained with acetate-1-C™ and pyruvate-2-C™, Such a com- 
parison is given in Table V for carcass glutamate from normal 
animals and liver glutamate from fasted animals. Comparisons 
of other samples, 7.e. liver glutamate from normal rats, are 
intermediate to those presented. As shown in Table V, averages 
of 3 to 1 (normal, carcass) and 1 to 1 (fasted, liver) of acetate- 
1-C'* labeling to pyruvate-2-C™ labeling give patterns closely 
approximating those observed with acetone-2-C™. Although 
comparisons of this nature are difficult to interpret because of a 
lack of knowledge of pool sizes, they do substantiate the impor- 
tance of both pathways of acetone catabolism and suggest that 
the acetate route may be slightly predominant. 

The data presented in Tables II to IV indicate that the 
pyruvate route is quantitatively more important in liver. 
However, in view of the report that livers of male rats utilize 
acetate at a relatively slow rate (14), it is probable that much 
of the acetate-1-C™, formed from acetone-2-C™ by the liver, is 
not utilized before transport to other tissues as acetoacetate. 

The results of the degradation of liver glycogen (Table V1) 
confirm previous reports (4, 5) that isotope is distributed through- 
out all the carbons of glucose with a somewhat greater activity in 
carbons-2 and -5 as compared with carbons-1 and -6. The 
randomization of radioactivity between carbons-2, -5, and 
carbons-1, -6 of liver glycogen is the same as that observed for 
lactate-2-C™ (15) and is indicative of the pyruvate route of 
acetone catabolism (4). The wide variation in specific activities 
of liver glycogen (Table VI) is consistently observed in this 
laboratory when the nonfasted animal is used. 


SUMMARY 


Labeling patterns of tissue glutamate, aspartate, alanine, and 
glycogen have been determined subsequent to intraperitoneal 
injection of acetone-2-C™ in normal, fasted, and alloxan-diabetic 
male rats. The data confirm the dual pathways of acetone 


Tasie VI 
Distribution of C'* in liver glycogen after administration 
of acetone-2-C** 


| Carbon 


Rat No. | myc “ication?” 

1 (a) 2 (b) 6 
% total % total 
29 SSO S7 10.1 13.1 11.8 
30 1790 4 11.2 15.4 13.7 
74 58.5 G2 15.4 18.1 16.6 

2a 
* Calculated according to Shreeve (16) rer xX 100. 
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a slight predominance of the acetate route. Fasting and alloxan 
diabetes do nui inarkedly alter acetone metabolism. 
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of Steroid Glucuronides in Human Plasma* 
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Since one of the important pathways in the metabolism of complete mixing of the radioactive steroid glucuronide and the 


adrenal cortical steroids involves reduction and conjugation, the 
study of steroid conjugates in plasma seems an important step 
in understanding the fate of these substances in the body. Most 
investigators have measured conjugated steroids, after hydrolysis 
with acid or by specific enzymes, in normal individuals and in 
patients with liver disease (1-3), before and after the administra- 
tion of cortisone (1), cortisol, tetrahydrocortisone and its mono- 
glucuronide, tetrahydrocortisol, and dihydrocortisol (4, 5), and 
after the administration of adrenocorticotropin (5, 6). In these 
previous studies the conjugated steroids have not been isolated 
or characterized. The methods have depended for their speci- 
ficity upon the nature of the hydrolytic process and the charac- 
teristics of the steroids. Since the effectiveness of a given en- 
zvme in hydrolyzing a variety of substrates may not be uniform, 
since the purity of the enzyme preparation cannot be guaranteed, 
and since there are difficulties in determining the completeness of 
hydrolysis, the results thus obtained require confirmation by 
more specific methods. 

The technique to be described involves the use of paper elec- 
trophoresis and paper chromatography for the direct isolation of 
steroid conjugates from plasma. The glucuronides obtained 
ean then be measured by the carbazole reaction. An isotope 
dilution method with 
used to correct the results to 100 per cent recovery is also re- 
ported. The method is sufficiently sensitive to be useful in 
measuring the concentration of HyFG! and H,yEG in normal 
human plasma. 


EXPERIMENTAL 


I solattion—50 ml. of heparinized blood were centrifuged within 
15 minutes after collection as suggested by Bush (7). 0.1 ml. of 


standard solution of tetrahydrocortisone-4-C%-glucuronide 


(= 8 wg.) in methanol was pipetted into a 60-ml. centrifuge tube 
and evaporated to dryness. From 20 to 25 ml. of plasma were 
added, and the tube was shaken for about 1 minute to insure 


* This investigation was supported in part by a grant from the 
James Hudson Brown Fund, Yale University, and in part by 
Grant No. 254 (C5), from the Division of Grants, National In- 
stitutes of Health, United States Public Health Service. 

+ Trainee, National Institute of Arthritis and Metabolic Dis- 
ease, United States Public Health Service. 

1The abbreviations used are: H,FG, tetrahydrocortisol glu- 
curonide, which is 3a-(8-p-glucuronide), 118, 17a@,21-trihydroxy- 
pregnane,20-one; and H,EG, tetrahydrocortisone glucuronide, 
Which is 3a-(8-p-glucuronide), 17a,21-dihydroxypregnane-11, 20- 
dione. 
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plasma, after which 1.5 to 2.0 volumes of absolute ethanol at 
room temperature were added. The precipitated protein was 
removed by centrifugation and further washed three times with 60 
ml. of redistilled n-butanol saturated with water. Theethanoland 
butanol extracts were pooled and dried in a rotating vacuum evap- 
orator. The residue was redissolved in 25 ml. of 70 per cent meth- 
anol and washed three times with equal volumes of redistilled hex- 
ane. The hexane layers were discarded and the washed methanol 
fraction was taken to dryness ina vacuum. The residue was then 
dissolved in 1.0 ml. of 70 per cent redistilled methanol and ap- 
plied as a streak 12.7 cm. from the cathodal end of a strip of 
Whatman No. 3MM paper, 47 cm. in length and 10.0 cm. in width. 
Reference spots of approximately 20 ug. of H,EG and androster- 
one sulfate? were applied on opposite edges of the paper and ad- 
jacent to the streak. Electrophoresis was carried out by the 
method of Levin and Davies (8) in a Plexiglass (Rohm and Haas 
Company) chamber connected to a regulated power supply for 
8 to 10 hours at 4° in 0.1 M Veronal (Winthrop Laboratories) 
buffer, pH 8.6, with 20 per cent of absolute ethanol added. The 
potential was 250 volts and the current, 8 to 10 ma. At the 
termination of the run the paper was air-dried. The glucuronide 
band was located by dipping the pilot strip which contained the 
glucuronide reference standard into a fresh mixture of 1 volume 
of 2 per cent triphenyltetrazolium chloride and 4 volumes of 10 
per cent NaOH in 60 per cent methanol (9). The glucuronides 
migrated 8 to 10 cm. as a band toward the anode, whereas the 
neutral (nonconjugated) steroids remained at the origin. Sulfate 
conjugates migrated 11 to 14 cm. toward the anode (Fig. 1). 
The sulfate conjugate standard was located by staining the 
appropriate pilot strip with Zimmermann reagent (10). The 
corresponding band was cut from the paper and eluted with 70 
per cent methanol. However, no further characterization was 
performed on the sulfate conjugates, since no triphenyltetra- 
zolium staining material was. present in this region of the paper. 
The glucuronide band was eluted by shaking with 15 ml. of 
70 per cent methanol for 2 hours at 36°. The methanol solution 
was decanted after centrifugation, and the paper was washed 
three times with 70 per cent methanol. The combined extracts 
were reduced to approximately 1.0 ml. in a rotating vacuum 
evaporator and applied as a streak at 10 cm. from one end of a 
55-cm. length of Whatman No. | filter paper which had been 
washed in methanol-ethyl acetate (3:1) for 72 hours in a Nolan 


2 Dr. John J. Schneider, Jefferson Medical College, Philadel- 
phia, Pennsylvania, generously supplied the pure steroid glu- 
curonides and sulfates. 
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THE SEPARATION OF STEROID GLUCURONIDES 
AND SULPHATES 


ANODE 


H4EG 


CMS. sucpxates Rf=064 


B-IOCMS. 4,66 
NON-CONJUGATED 


STEROIOS 
ORIGIN 


CATHODE 


ELECTROPHORESIS 


CHROMATOGRAM 

Fig. 1. The separation of H4FG and H,EG by paper electro- 
phoresis and paper chromatography. fF, refers to the ratio of 
the mobility of the compounds from the origin to the solvent | 
front which traveled to the bottom of the paper. 


extractor. Reference compounds of HysEG and H4FG were also 
applied adjacent to the streak. The paper was then equilibrated 
at room temperature for 16 hours in a sealed glass tank which 
contained some of the mobile phase in the bottom. After this 
the mobile phase of n-butyl acetate-n-butanol-10 per cent 
acetic acid (80:20:100) was added to the trough (9). Descend- 
ing chromatography was carried out for 6 to 8 hours at room 
temperature (25 to 27°) (Fig. 1). The reference spots were 
identified by spraying with the triphenyltetrazolium mixture, 
and the regions of the plasma glucuronides were cut out with a 
2-cm. margin allowed. Equivalent areas in front of the steroids 
were cut out to serve as paper blanks. The paper strips were 
minced, extracted, and washed in 70 per cent methanol. The 
filtered eluates were then dried under vacuum to approximately 


TABLE I 


H,EG and H,FG concentrations in 
normal human plasma 


Subject | Sex | Age |Hi«FG| HiEG HFG | MEG | Total 
B. F. F 3 13.1 5.7 72 4.3 7.9 12.2 
C. P. F 23 | 2.8 i.e 63 4.4 11.4 15.8 
> 2 F 26 | 5.6 | 10.1 81 6.8 12.4 19.2 
29 |2.4| 3.4); 81 2.9 4.2 7.1 
D. K. M 25 | 2.1 3.0 75 2.8 4.0 6.8 
D.M. | M 27 | 3.5) 6.1 68 5.1 8.9 14.0 
J. M. M 27 | 3.2); 4.0 75 4.3 5.3 9.6 
R. P. M 28 | 4.2 7.0 66 6.4 10.6 17.0 
H.K. i M i 2132.3! 3.5/1] 81 2.8 4.3 7.1 
P. M. M | 31 |3.5] 4.7 63 5.6 7.5 13.1 
G.C. M 32 | 3.6 8.5 66 5.5 12.9 18.4 
M.C. | M | 33 /2.8) 9.0} 69 4.1 13.0 17.1 
G. C. M | 42 | 3.5! 4.9 | 84 4.2 5.8 10.0 
G. M. M 51 | 2.2 2.2 69 3.2 3.3 6.4 
Standard deviation.......... +7.2 > +1.29 | +2.76 | +4.62 
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0.5 ml. and quantitatively transferred to 10-ml. test tubes, 
These eluates were then dried in a vacuum. The residues were 
dissolved in 1.0 ml. of redistilled methanol. 

Measurement—A 0.5-ml. aliquot of the dissolved residue wags 
dried in a vacuum for the microcarbazole reaction (11). The 
total volume of the solutions to be assaved was 0.75 ml. so that 
microcuvettes with a 1.0-cm. light path could be used in a 
Beckman model DU spectrophotometer at 530 mu. The samples 
were dissolved in 0.2 ml. of 50 per cent methanol. They were 
then subjected to hydrolysis by shaking with 0.5 ml. of con- 
centrated H.SO, for 5 minutes in a cold water bath. The tubes 
were then placed in a vigorously boiling water bath for 20 
minutes and, after cooling, 0.05 ml. of 0.1 per cent carbazole in 
absolute alcohol was added. After 2 to 3 minutes a pink color 
appeared. The tubes were allowed to stand at room tempera- 
ture for 2 hours before they were read. A duplicate standard 
curve was constructed on each occasion with crystalline H,EG, 
Beer’s law was followed from 0.3 to 1.2 ug. The optical density 
reading of the samples was 2.5 to 5 times that of the paper 
blanks. 

The remaining 0.5-ml. aliquot intended for radioactive meas- 
urement was pipetted into a 30-ml., optically clear vial and 
evaporated to dryness. The sample was dissolved in 15 ml. of 
0.4 per cent 2,5-diphenyloxazole and 0.005 per cent 1,4-di- 
(2[5-phenyloxazole])benzene in toluene and counted for three 
30-minute periods in a liquid scintillation counter (Technical 
Measurements Company, model LP-2, New Haven, Connecti- 
cut) which had a counting efficiency of 65 per cent. 

Calculation—The values obtained by the carbazole reaction 
were corrected for the blank readings and dilution. The per- 
centage of recovery was obtained with the use of an isotope 
dilution technique described by Bondy et al. (12). In the case 
of the H,EG a standard amount of this labeled compound was 
added at the beginning of the isolation. 
applied for this addition by subtracting this value from the 
final yield. The final results in ug. per 100 ml. thus accounted 
for any losses incurred during the isolation procedure. Although 
no comparable experiments were carried out with radioactive 
H,FG, a correction for recovery was applied on the assumption 


that the percentage of recovery of the tetrahydrocortisone-4- | 


C4-glucuronide was identical with that of H,FG since identical 


isolation and measurement procedures were applied to the two | 


compounds. Further work is now in progress to substantiate 
the validity of this assumption. The aliquots of the eluates 
from the paper blanks had only background radioactivity so 
that no further correction for the paper blanks was necessary. 
Recovery—The over-all radioactive recovery was 72.4 + 7.2 
per cent (mean + standard deviation (Table I)). Attempts 
were made to locate the missing radioactivity by elution, with 
70 per cent methanol, of individual 2-cm. strips from the entire 
electropherogram after removal of the glucuronide and sulfate 
bands. The eluates were pooled, taken to dryness in a vacuum, 
and quantitatively transferred to 2.0-square centimeter areas 
on aluminum planchettes. The radioactivity was counted in 
a windowless gas flow counter® which had a background of | 
c.p.m. Approximately 5 to 8 per cent of the total radioactivity 
was found at the origin of the paper. Performance of the same 
experiments after chromatography revealed that 8 to 10 per 


3 We are greatly indebted to Dr. Melvin V. Simpson of the 
Department of Biochemistry, Yale University, for permission 
to use this specially constructed counter. 
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cent of the radioactivity had remained at the origin. No radio- 
activity was found anywhere else on either the electropherogram 
or paper chromatogram. No losses were encountered, for ex- 
ample, after the hexane partition step. It is therefore impossi- 
ble at this time to ascertain completely where the remaining 
radioactivity was lost but the use of the isotope dilution technique 
obviated this difficulty. 

Six chemical recovery experiments were performed on dupli- 
cate 20-ml. samples of plasma. 8 wg. of pure HyEG were added 
to alternate plasma samples and processed simultaneously by 
the methods described. The mean percentage of chemical 
recovery of HsEG was 68.7 + 10.2, which is not significantly 
different from the recovery of 72.4 + 7.2 as measured by isotope 
dilution. 

The analytical procedure takes 4 days to complete but can be 
interrupted at any stage when the compounds are completely 
dried. The dried materials may then be stored in the Deep 
Freeze without any quantitative loss of the compounds. 

Identification of Plasma Glucuronides—H,EG and HFG were 
identified after hydrolysis with 8-glucuronidase (Glusulase, 
Endo Products, Richmond, Virginia) in order to be sure that 
only these compounds were being measured by the carbazole 
reaction. 250,000 Fishman units of enzyme were added to ten 
pooled alcohol and butanol extracts which represented a total 
of 500 ml. of original plasma. The hydrolysis was performed 
at pH 4.6 in 0.2 mM acetate buffer for 15 hours. The temperature 
was 47°. The steroids thus released were extracted three times 
with 2 volumes of redistilled chloroform. The chloroform 
extract was evaporated ina vacuum at 35°. 

The free compounds were chromatographed on washed What- 
man No. 1 filter paper in parallel with reference standards of 
tetrahydrocortisone and tetrahydrocortisol for 3 days in toluene- 
propylene glycol (13) and for 6 hours in 50 per cent methanol- 
benzene (14). The substances isolated were studied for alkaline 
fluorescence (15), ultraviolet absorption, Porter-Silber reaction 
(16), blue tetrazolium (17), and triphenyltetrazolium reactivity 
(9). Portions of the tetrahydrocortisone and tetrahydrocortisol 
were oxidized by the method of Norymberski (18) with sodium 
bismuthate. The resulting 17-ketosteroids were characterized 
by paper chromatography in heptane-propylene glycol (19), 
with the Zimmermann reagent (10) used to locate the steroids. 

The substances identified according to their mobility in the 
butyl acetate-n-butanol-acetic acid system as HyFG and H,EG 
yielded, on hydrolysis with 8-glucuronidase, compounds which 
had chromatographic mobilities identical to standard tetra- 
hydrocortisol and tetrahydrocortisone. No other compounds, 
such as allotetrahydrocortisol, were detectable. The lack of a 
4-ene ,3-one, in the tetrahydro derivatives was indicated by the 
absence of an absorption peak at 238 to 242 my in ethanol and 
by the failure of the compounds to fluoresce in alkali. The 
presence of a dihydroxyacetone side chain was indicated by a 
positive Porter-Silber reaction. The positive tetrazolium re- 
duction reactions confirmed the presence of an a-ketol. Bis- 
muthate oxidation resulted in Zimmermann-reacting materials 
with the mobility characteristics of etiocholane-3a , 118 , diol, 17- 
one (derived from tetrahydrocortisol), and etiocholane 3a,ol,- 
11,17-dione (from tetrahydrocortisone). 

Preparation of Radioactive Standard for Isotope Dilution—The 
labeled H,EG was prepared biosynthetically. 100 mg. of 
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cortisol,* which contained a total of 8.8 x 10° ¢.p.m., were 
administered intravenously over a 15-minute period to a normal 
volunteer. The radioactive HysEG was isolated according to 
the method of Schneider and Lewbart® from a 25-hour collection 
of the subject’s urine. 

The urine was first passed through a 150 to 200-gm. column 
(60 X 2.0 cm.) of Amberlite [R-120 (Rohm and Haas Company) 
in the hydrogen form. The effluent was adjusted to pH 3 to 
3.5 with a sodium carbonate solution, saturated with n-butanol, 
and then further extracted with water-saturated n-butanol. 
The combined extracts were backwashed with very small 
amounts of wet butanol and the aqueous washings were dis- 
carded. The pH was adjusted to 6.5 to 7.5 and the washed, 
neutral butanol extract was then concentrated to approxi- 
mately 50 ml. ina vacuum: The crude material was recovered 
by centrifugation, washed with dry n-butanol, and then dried 
in a vacuum over calcium chloride. 

After this preliminary preparation was completed the dried 
sodium salt was purified by sublimation in a vacuum by gradual 
elevation of the temperature to 200 to 218°, for 4 days at an 
ultimate vacuum of 0.05 uw. On the 4th day a small quantity 
of crystalline material was obtained which was further purified 
by paper electrophoresis and paper chromatography as described 
previously. The material was identified as H4,EG and contained 
8000 ¢.p.m. per mg. The sublimation procedure did not alter 
the chemical structure of the HysEG as determined by the electro- 
phoretic and chromatographic characteristics. 

Identification of Radioactive H,EG—Paper chromatography of 
the crystalline radioactive H,EG along with a pure reference 
standard in two systems, n-butanol-butyl acetate-10 per cent 
acetic acid, and butyl acetate-methanol-0.1 barbital in 50 per 
cent aqueous methanol, pH 8.2 (150:50:50, monophasic (9)), 
revealed only one radioactive area after the entire paper had 
been cut into 2-cm. strips, eluted with 70 per cent methanol, 
and counted in the low background windowless counter. Paper 
chromatography and enzyme hydrolysis of the compound with 
subsequent paper chromatography in the Zaffaroni and Bush 
systems (13, 14), and chemical tests as described, followed by 
oxidation to the corresponding C-19 steroid, etiocholane 3a- 
ol, 11,17-dione, were considered sufficient criteria to substantiate 
the characteristics of the compound. 


RESULTS 


14 subjects, including 4 women and 10 men who ranged in age 
from 23 to 51 years and who were normal with respect to liver, 
adrenal, renal, and thyroid function were studied to determine 
the normal range of values for plasma H,EG and H,FG. The 
samples were taken at approximately 10 a.m. The results 
are presented in Table I. 


DISCUSSION 


Since plasma steroid conjugates represent important inter- 
mediary products of cortisol metabolism, a direct, simple method 
for the isolation and measurement of these glucuronides seems 
useful. Steroid glucuronides and sulfates were separated by 
paper electrophoresis but no steroids with the dihydroxyacetone 
side chain were detectable in the sulfate region. However, C-19 


* Cortisol-4-C'* was supplied by the Endocrinology Study Sec- 
tion, National Institutes of Health. 
5 Personal communication. 
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steroids conjugated as sulfates were found and separated by 
paper chromatography; these studies will be reported later. 
Nonconjugated C-21 plasma steroids remained at the origin 
and were easily eluted with methanol-chloroform (1:1) and sep- 
arated by paper chromatography. When compounds such as 
cortisol, corticosterone, and progesterone were added to plasma, 
they were easily identified by their mobility characteristics with 
paper chromatography. However, quantitative recoveries and 
measurement of the nonconjugated steroids were not performed 
on the subjects studied. 

The specificity of the method depends upon the separation 
of the steroid glucuronide from any other compounds in plasma 
which might react with carbazole. It would have been equally 
possible to measure the steroid moiety but attempts to apply 
Porter-Silber and blue tetrazolium reactions were unsuccessful 
because of the very high values of the paper blanks. Since no 
attempt was made to characterize the glucuronide portion of 
these substances, it is not possible to state with assurance that 
the materials measured are glucuronides. However, these 
compounds were cleaved by #-glucuronidase, and it seems 
unlikely that any other carbazole-reacting substance(s) which 
could combine with these steroids would produce compounds 
with electrophoretic and chromatographic mobilities identical 
with glucuronide standards. 

This direct method avoids the difficulties inherent in the 
hydrolysis of steroid glucuronides and sulfates and results in the 
isolation of the compounds as they occur in physiological or 
pathological conditions. 
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SUMMARY 
A method is presented for measurement of the glucuronides of 
tetrahydrocortisone and tetrahydrocortisol in plasma. The 
conjugated steroids are separated from nonconjugated steroids 
by paper electrophoresis and paper chromatography. The 
measurement of the glucuronides is carried out by the carbazole 
reaction. An isotope dilution technique is used for the correc- 
tion of losses. The range of plasma concentrations of tetra- 
hydrocortisone glucuronide is 3.2 to 12.9 with a mean and 
standard deviation of 7.96 + 2.76 yug./100 ml. and of tetra- 
hydrocortisol glucuronide, 2.8 + 6.8 with a mean and standard 

deviation of 4.45 + 1.29 ug./100 ml. 


A ckn lon ont 


owledg We should like to express our deep ap- 
preciation to Dr. John J. Schneider and Dr. Marvin Lewbart 
for their advice and permission to publish in advance of publica- 
tion their method for the isolation of steroid glucuronides in 
urine. We are indebted to Miss Fritze Pederson for technical 
assistance and to Dr. Samuel Gordon who supplied us with 
Glusulase. We also wish to thank Dr. Melvin V. Simpson for 
helpful criticism in the preparation of the manuscript. 


ADDENDUM 


It has recently been »bserved that a cleaner extract is obtained 
if the plasma is washed 3 times with 30 ml. of redistilled chloro- 
form before the ethanol, butanol extractions, and hexane parti- 
tion steps. The chloroform-soluble material can be set aside for 
determination of unconjugated steroids. This initial procedure 
does not alter the recovery of HsEG and HyFG. 
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The severity of lesions in the skeletal muscles of rabbits af- 
flicted with nutritional muscular dystrophy suggests a derange- 
ment of many biochemical systems. The destruction of acto- 
myosin (1) and alteration of protein metabolism (2-4) seem to 
be pivotal points in this disease whereas, the dependence of cyto- 
chrome c reductase (5) and certain dehydrogenases (6) on to- 
copherol apparently implicates oxidative phosphorylation. 
Evidence has also been accumulated to suggest an endocrine in- 
volvement. 

Heinsen and K6ker (7) have obtained eosinopenia in the Thorn 
test with the use of vitamin E, but this may indicate only the 
nonspecificity of.this test. Beckmann and Wegers (8) have 
produced increases in 17-ketosteroids by administration of 
vitamin E. These results have been confirmed by Sario (9), and 
recently a direct influence of tocopherol compounds on the adrenal 
cortex has been shown (10). The gluconeogenic function of 
certain steroidal hormones is well known, but data on the activity 
in vitro of such hormones on muscle from vitamin E-deprived 
animals are lacking. It seemed pertinent to investigate the 
effects of steroid hormones on muscle metabolism in vitamin 
E deficiency. 

In the present investigation the influence in vitro of some 
steroid hormones on skeletal muscle from normal and vitamin 
E-deficient rabbits was compared. In order to accomplish this, 
glycogen synthesis, lactic acid formation, and oxygen consump- 
tion were studied in the presence and absence of the steroid. It 
was found that DOC! was a potent inhibitor of glycogen synthesis 
and oxygen consumption. Other steroid compounds had lesser 
effects. The inhibition occurred at the enzyme level, and evi- 
dence for the depressed sites was accumulated. A few experi- 
ments in vivo with DOC were also performed. 


EXPERIMENTAL 


New Zealand white rabbits were reared for 4 to 6 weeks on a 
purified diet, with or without a-tocopherol, as previously de- 
scribed (11). After the animals were killed muscle strips ap- 
proximately 8 X 3 mm. in dimension were dissected from the 
rectus femoris and were incubated in Krebs-Ringer phosphate 
buffer under conditions similar to those reported earlier (11). 
Since Ca++ has been shown to inhibit oxygen uptake of skeletal 
muscle (11), calcium concentrations of 0.0018 mM were used unless 
otherwise indicated. The steroids were homogenized in pro- 
pylene glycol (10 mg. per ml.), and 0.1 ml. of the mixture was 


* Supported by a grant from the Muscular Dystrophy Associa- 
tions of America, Inc. 
1 The abbreviation used is: DOC, deoxycorticosterone. 
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tipped in at a suitable moment to give a final concentration of 1 
mg. per 3 ml. Oxygen uptake was determined for 1 hour, and 
those flasks that did not receive steroid contained 0.1 ml. of 
propylene glycol as a control. 0.1 ml. of 10 per cent glucose or 
phosphorylated hexoses was adopted as the energy source. An 
atmosphere of pure oxygen was used throughout. 

At the termination of 1 hour the tissue was removed from the 
medium and divided into two portions for the estimation of 
glycogen and lactic acid. The ‘potassium hydroxide procedure’”’ 
of Carroll et al. (12) was used for separation and determination of 
muscle glycogen. Lactic acid measurements were determined 
by the method of LePage (13). 

In several experiments randomly labeled p-glucose-C™ was 
used for data on glycogen synthesis. Aliquots of the glycogen 
isolated were deposited on planchets, and radioactivity was meas- 
ured in an automatically recording Tracerlab autoscaler that was 
preset for 400 c.p.m. 

In the studies conducted to delineate the sites of enzyme in- 
hibition a purified system was used to obtain data on the con- 
version of glucose to glucose-6-P (14). The latter compound 
was measured indirectly by the absorption band at 340 mu of the 
TPNH formed in the presence of added glucose-6-P dehydro- 
genase (15). A purified preparation of phosphorylase a was also 
used to follow the course of the transformation of glucose-1-P 
to glycogen. Liberation of inorganic phosphate was measured 
(16). 


RESULTS 


Several steroid hormones and d-a-tocopherol were first tested 
for their influence on the oxygen consumption of rectus femoris. 
The results presented in Table I clearly indicate the inhibitory 
nature of DOC and corticosterone. Other compounds had lesser 
effects than tocopherol which decreased the Qo, of the deficient 
animal and elevated the Qo, of the control rabbits. The study 
was carried out in the presence of 0.0027 m calcium in spite of 
its depression of oxygen uptake in skeletal muscle, because under 
these conditions increases in the respiration of vitamin E-deficient 
muscle as compared with that of control muscle could be observed 
(11). 

The inhibitory influence of DOC began early during the incu- 
bation period as shown in Fig. | and reached a maximum by 30 
minutes. The inhibition was not spontaneously released during 
a 2-hour incubation period. The addition of cortisol with DOC 
did not alter the course of the inhibition and indicated no compe- 
tition for the inhibited site. 

DOC was selected for further study in an environment of low 
calcium concentration (0.0009 m) which has been shown to in- 


1 
18 
ef 
le 
c- 
a- 
id 
d 

rt 
or | 

) 
od 

| 
]- 
re | 
ne 
J. 

2). 


36 


TaBLeE I 
Influence of steroids on respiration of rabbit skeletal muscle* 


Qo 

Compound 
Deficient | Normal 
pl./hr./ | pl./hr./ 
mg.t mg.t 
...... 2.28 1.86 1.12 
0.77 X 10-3 1.57 1.47 
0.96 X 1073 0.58 0.62 
0.92 X 10-3; 1.90 1.30 
11-Deoxycortisol................ 0.96 X 107-3 1.39 
1.16 X 1073 0.90 
Dehydroepiandrosterone......... 1.16 XK 10-3 1.01 


* Calcium concentration was 0.0027 m. 
t Dry weight. 


100 


90 


1 


4 6 20 30 


MINUTES 


Fic. 1. Oxygen uptake of rectus femoris strips from control 
rabbits: @——@, control; O——O, cortisol-treated; X——X, 
DOC-treated; 0——O, DOC plus cortisol-treated. 


crease the absolute uptake of oxygen (11). The effect of DOC 
on glycogen levels, lactic acid production, and respiration was 
determined. The results are shown in Table II. In spite of 
large variation in glycogen levels from colony to colony, a con- 
sistent depression in glycogen titer from 29 to 33 and from 
35 to 50 per cent was obtained for tocopherol-treated and to- 
copherol-deprived rabbits, respectively. The decreased glycogen 
level was indicated by an increased lactic acid production for 
both groups of animals. Oxygen uptake was decreased as has 
been previously reported (17). 

Since earlier studies suggested that DOC inhibited the respir- 
ation of vitamin E-deficient muscle somewhat more than it did 
respiration of normal muscle, two colonies of rabbits were given 
intraperitoneal injections of DOC to determine whether the 
course of the dystrophy would be changed. No differences in 
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Fig. 2. The effect of varying concentrations of DOC on Qo, 
represented by X——X; and glycogen levels, represented by 


DOC-treated and -untreated controls and deficient animals 
could be detected in histological preparations of muscle taken 
after the animals were killed.2) Experiments in vitro on muscle 
from these animals yielded similar results as described above for 
untreated rabbits (Table IT). 

The results from all studies clearly indicated that respiration 
and glycogenesis were inhibited or that the rate of glycogenolvsis 
was elevated under the influence of DOC. This effect was ex- 
amined by measuring the incorporation of randomly labeled 
C4-_glucose into glycogen. For two control animals the counts 
per minute per mg. of glycogen were 836 and 478 in the absence 
of DOC and 374 and 225, respectively, in the presence of DOC. 
For two deficient animals the corresponding values were 1065 
and 1583 without DOC and 507 and 735, respectively, with 
DOC. That at least two sites were being blocked by DOC is 
shown in Fig. 2 where it can be noted that greater concentrations 
of DOC were necessary to lower the glycogen titer than to in- 
hibit oxygen uptake. 

An attempt was made to localize the sites of DOC inhibition 
by varying the substrate. When glucose-1-P, glucose-6-P, and 
6-phosphogluconate plus TPNH were used a trend similar to 
that reported in Table II for glucose was observed. These find- 
ings in addition to the facts that lactic acid production could 
proceed in the presence of DOC and that the latter inhibited 
endogenous respiration indicated possible blocks at the gluco- 
kinase and phosphorylase levels. Although hexokinase and 
ATP with glucose, or phosphorylase a with glucose-1-P, could 
increase the level of glycogenesis in the absence of DOC, they 
could not prevent the decrease in glycogen levels induced by 
DOC. 

A more detailed inspection of the hexokinase and phosphoryl- 
ase reactions was undertaken in purified systems.3 The results 


2 We wish to express our thanks to Dr. John Ellis, pathologist - 


of the New York Hospital-Cornell University Medical Center, 
who was kind enough to examine the histology slides. 

3 Practical type III hexokinase from the Sigma Chemical 
Company and crystalline phosphorylase a from the Worthington 
Biochemical Corporation were used. 
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TaBLeE II 
Influence of DOC on levels of glycogen, lactic acid, and orygen consumption in rabbit skeletal muscle 
Glycogen Lactic acid Qo, 
Group 
Nopoc DOC Nopoc =| Change! No DOC DOC _|Change 
mg./108 mg.* % mg./100 mg.* % ul./hr./mg.* % 
Control 1....... 6 0.76 + 0.04 | 0.54 + 0.06 | —29 0.92 + 0.08 | 2.04 + 0.17 | +122) 4.02 + 0.19 | 2.61 + 0.22 | —35 
Control 2....... 6 | 0.27 + 0.03 | 0.18 + 0.04 | —33 | 0.94 + 0.09 | 2.09 + 0.16 | +122; 4.00 + 0.19 | 2.11 4 0.25 | —47 
Control 3....... 2 0.09 + 0.02 | 0.06 + 0.01 | —33 0.31 + 0.09 1.14 + 0.07 | +268 3.23 + 0.10 | 1.28 + 0.12 | —60 
Deficient 1.....; 6 | 0.56 + 0.05 | 0.28 + 0.04 | —50 | 0.96 + 0.05 | 1.93 + 0.02 | +101) 4.23 + 0.30 | 2.51 + 0.25 | —43 
Deficient 2..... 6 | 0.16 + 0.03 | 0.08 + 0.01 | —50 | 0.74 + 0.07 | 1.84 + 0.05 | +148) 3.80 + 0.13 | 2.11 + 0.16 | —44 
Deficient 3.....) 3 0.17 + 0.03 | 0.11 + 0.02 | —35 | 0.38 + 0.04 | 1.88 + 0.04 | +394 3.50 + 0.12 | 1.66 + 0.12 | —53 
Animals pretreated with DOCT 

Control 1....... 3 0.34 + 0.04 | 0.11 + 0.03 | —68 | 0.80 + 0.24 | 2.43 + 0.08 | +204 3.87 + 0.18 | 2.09 + 0.11 | —46 
Control 2....... 3 1.28 + 0.14 | 0.75 + 0.10 | —42 | 0.45 + 0.08 | 1.57 + 0.15 | +249) 3.68 + 0.14 | 1.30 + 0.07 | —65 
Deficient 1.....) 3 0.85 + 0.11 | 0.42 + 0.07 | —50 | 0.66 + 0.08 | 1.09 + 0.20 | +65) 4.18 + 0.12 | 2.34 4+ 0.13 | —44 
Deficient 2.....| 3 0.79 + 0.05 | 0.26 + 0.02 | —67 | 0.53 + 0.04 | 1.97 + 0.18 | +271) 3.02 + 0.09 | 1.04 + 0.07 | —66 


* Mean + s.d. (dry weight). 


t In the experiments in vtvo animals of Control 1 and Deficient 1 groups received a total of 1 mg. of DOC triweekly for 3 weeks 
whereas the rabbits of Control 2 and Deficient 2 groups were given 27 mg. over the same period of time. 


TaB_e III 
Inhibition of herokinase by DOC 


Glucose-6-P was determined according to the methods of ref- 
erences (14) and (15). A solution composed of: 0.2 ml. of an 
0.075 m ATP and 0.04 m MgCl, mixture; 0.2 ml. of buffer mixture 
containing 0.1 M histidine, 0.1 m_ tris(hydroxymethyl)amino- 
methane, 0.01 m ethylenediaminetetraacetate, and 0.01 m MgCl. ; 
(0.2 ml. of 0.01 m glucose; and 0.3 ml. of water was warmed to 30° 
and combined with 0.1 ml. of 0.002 m ethylenediaminetetraacetate, 
0.002 m MgCl, , and hexokinase for incubation at 30° for 15 minutes 
in the presence and absence of DOC. The reaction was stopped 
with 5 per cent trichloroacetic acid, and 0.5 gm. of Norit A pro- 
vided a filtrate, of which 0.06 ml. was analyzed by means of TPN 
reduction in a solution containing 0.65 ml. of water, 0.15 ml. of 
0.25 Mm glycylglycine, 0.10 ml. of 0.1 m MgCl., 0.10 ml. of 0.0014 m 
TPN, and 0.02 mg. of glucose-6-P dehydrogenase. 


Sr DOC added Density at 340 mz | Inhibition 
ms Mg. % 
5 0 0.025 
5 1000 0.010 60 
10 0 0.050 
10 1000 0.030 40 
10 0 0.090 
10 500 0.050 45 
10 1000 0.050 45 
20 0 0.170 
20 500 0.170 0 
20 1000 0.100 35 


are presented in Tables III and IV. It can be shown that all of 


> the added DOC is not used in the inhibition of the enzymes since 


mere centrifugation of the incubation medium was sufficient to 
permit recovery of 70 to 90 per cent of the steroid. Excess con- 
centrations of DOC did not seem to elevate the inhibition be- 
yond 45 per cent under the conditions used here. Little reversal 


TaBLe IV 
Inhibition of phosphorylase a by DOC 


Inorganic phosphate was determined according to reference 
(16). 0.4 ml. of 4 per cent glycogen and 0.8 ml. of enzyme were 
incubated for 20 minutes at 37°. 0.4 ml. (prewarmed to 37°) of 
0.064 mM glucose-1-P were added and incubation was continued for 
15 minutes. 0.2 ml. of incubation medium was diluted with 7 ml. 
of 0.07 N H2SO, and 0.5 ml. of water and then reacted with 1 ml. 
of 2.5 per cent ammonium molybdate, 0.9 ml. of 5 N H.SO,, and 
0.4 ml. of Fiske-SubbaRow reagent. 


Density at 660 mu 
DOC added 
at 15 min. Inhibition at 60 min. Inhibition 

% % 
10 0 0.330 0.64 

10 100 0.320 3 0.62 3 
10 500 0.290 12 0.54 10 
20 0 0.515 0.94 

20 500 0.400 27 0.77 18 
20 1000 0.345 33 0.67 29 
54.5 0 0.950 1.25 

54.5 1000 0.650 32 1.10 12 
54.5 2000 0.560 41 1.05 16 


of the inhibited systems could be observed but some spontaneous 
release of inhibition was noted for the phosphorylase at higher 
concentrations of enzyme and inhibitor (Table IV). It would 
seem that more DOC is necessary to inactivate phosphorylase a 
than to inactivate hexokinase. 


DISCUSSION 


Since DOC exhibited a marked interference with the synthesis 
of glucose-6-P in the purified system and since this was reflected 
by decreased muscle glycogen in the tissue studies, it was appar- 
ent that any of several enzyme sites had been attacked. Addi- 
tional evidence for the nonspecific behavior of DOC on skeletal 
muscle was the inhibition of enzymes concerned with oxygen 


’ 

ls | 

n | 

e | 

r 

yn 

is 

d 

ts 

55 

h 

is 

ns 

on 

id 

to 

d- 

ld 

O- 

nd 

ey 

by 

‘ist 

er, 

cal 

on | 


38 Vitamin E Deficiency. IV 


consumption. Similar findings with liver, kidney, and brain 
tissue have been reported by Hayano and Dorfman (18). These 
investigators have made an extensive examination of the mecha- 
nism of DOC inhibition of D-amino acid oxidase. Hayano and 
Dorfman (18) have demonstrated that DOC combines with the 
protein moiety and that the activity of the enzyme could be re- 
stored by extraction with acetone of the DOC-apoenzyme com- 
plex. In the present investigation addition of ATP and Mg, as 
well as hexokinase, failed to reverse the DOC inhibition. Al- 
though preincubations reversed the inhibition of DOC in the 
work of Hayano and Dorfman (18), such treatment did not alter 
the course of the inhibition in the present study. 

Hayano and Dorfman (18) have tested DOC on 23 enzymes 
and of these, six (D-amino acid oxidase, tyrosinase, urease, ascor- 
bic acid oxidase, lipase, and transaminase) were inhibited. 
Three enzymes (glutaminase, trypsin, and yeast carboxylase) 
were stimulated by DOC, whereas the remaining enzymes tested 
were not significantly influenced. From the results of the pres- 
ent study it seems that hexokinase can be added to the list of 
inhibited enzymes. At somewhat higher concentrations of 
DOC, phosphorylase a may also be included in the group. Since 
lactic acid production proceeds without interruption in DOC- 
treated muscle and although inhibition of the tricarboxylic acid 
may provide endogenous substrates for transformation to lactic 
acid, it was believed that little or no interference occurred with 
those enzymes concerned with the conversion of glucose-6-P to 
lactic acid. The number and identification of the enzymes in- 
volved with oxygen consumption that are inhibited by DOC have 
not as yet been elucidated. 

An indication of the broad spectrum of DOC interference with 
enzyme activity may also be obtained from the literature. Mor 
(19) has shown that this steroid will inhibit the ATPase of myo- 
fibrils. Koritz and Dorfman (20) have found that DOC pre- 
vents the normal incorporation of labeled glycine into reticulocyte 
proteins and inhibits oxygen uptake of these cells. DOC has 
been shown to inhibit peptide synthesis in liver (21), transamina- 
tion in thymus (22), glycogen synthesis in isolated muscle (23), 
oxygen uptake by lymph nodes (24), and lipogenesis in mammary 
tissue (25). Leonard (26) did not detect any influence of DOC, 
administered in vivo, on the level of phosphorylase a in the elec- 
trically stimulated rectus femoris. The growth of Neurospora 
crassa has been inhibited by DOC (27). 
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It is clear from the work of others (18, 20) and the results of 
the present investigation that DOC can act at the enzyme level 
although it may also affect cell permeability. Apparently this 
degree of inhibition is dependent on steroid structure, on solu- 
bility considerations, and on the nature of the enzyme. Al- 
though DOC is the prime inhibitor in all studies reported to date, 
corticosterone and certain sex hormones show variable effects. 
Testosterone, which is active in reducing oxygen uptake in 
skeletal muscle (the present work) and other tissues (18), had 
little effeet on the incorporation of glycine into reticulocyte pro- 
teins (28). Progesterone, which depressed liver respiration, was 
replaced by estrone as the more active inhibitor in kidney respir- 
ation (18). Testosterone was more active than progesterone in 
the inhibition of liver respiration but was superseded by pro- 
gesterone in the purified D-amino acid oxidase system (18). In 
the present work higher concentrations of DOC were necessary 
to inhibit the activity of phosphorylase as compared with the 
concentrations which affected hexokinase or the enzymes in- 
volved in oxygen consumption. 


SUMMARY 


1. It has been shown that relatively low concentrations of 
deoxycorticosterone (approximately 10-3 mM) reduce the activity 
of hexokinase in a purified system, and of certain oxidative en-_ 
zymes in rabbit rectus femoris, by approximately 50 per cent. | 

2. Addition of glucose-6-phosphate or glucose-1-phosphate _ 
does not prevent the depletion of glycogen supplies in skeletal 
muscle treated with deoxycorticosterone. 

3. Those enzymes concerned with the oxidation of glucose-6- 
phosphate to lactic acid seemed to remain unimpaired in the 
presence of deoxycorticosterone. 

4. Similar findings were observed for both vitamin E-supple- 
mented and vitamin E-deprived rabbits. | 

5. The results are interpreted to indicate possible blocks of 
phosphorylase, hexokinase, and certain oxidative enzymes | 
However, effects at other enzymatic points are not excluded. | 


Acknowledgments—We wish to express our gratitude to Miss. | 
Mary P. Kane, Roland Laferty, and Paul Gagnon for their com- | 
petent technical assistance. | 


REFERENCES 


1. AzzongE, G. F., AND M., Biochim. et Biophys. Acta, 
18, 451 (1955). 

2. Dinnine, J. S., Cosarove, K. W., Jr., Fitrcu, C. D., ann 
Day, P. L., Proc. Soc. Exptl. Biol. Med., 91, 632 (1956). 

3. DinninG, J. Sime, J. T., ano Day, P. L., J. Biol. Chem., 
222, 215 (1956). 

4. Dinnina, J. S., anv Fitcu, C. D., Proc. Soc. Exptl. Biol. 
Med., 97, 109 (1958). 

5. Nason, A., Donaupson, K. O., anp LEHMAN, I. R., Trans. 
N.Y. Acad. Sci., 20, 27 (1957). 

6. RoSENKRANTZ, H., Federation Proc., 17, 299 (1958). 

7. Hetnsen, H. A., H., Deut. med. Wochschr., 76, 
487 (1951). 

8. BECKMANN, R., anp WeceErs, H. W., Klin. Wochschr., 30, 
465 (1952). 

9. Sarto, P. N., Minerva pediat., 5, 859 (1953). 

10. RosENKRANTZ, H., J. Biol. Chem., 223, 47 (1956). 

11. RosENKRANTZ, H., J. Biol. Chem., 214, 789 (1955). 


12. Carro.i, N. V., LONGLEY, R. W., AND Rok, J. H., J. Biol. 
Chem., 220, 583 (1956). 

13. LEPaae, G. A., in W. W. UmBreit, R. H. Burris, ann J. E. 
STAUFFER, Manometric teghniques and tissue metabolism, 
Burgess Publishing Compahy, Minneapolis, 1948, p. 104. 

14. CRANE, R. K., Sous, A.; in S. P. Cotowick anp N. O. 
KapLaNn (Editors), Methods in enzymology, Vol. I, Academic 
Press, Inc., New York, 1955, p. 277. 

15. Horecker, B. L., AND Woon, W. A., in S. P. CoLowtck anp 
N. O. Kapuan (Editors), Methods in enzymology, Vol. III, 
Academic Press, Inc., New York, 1957, p. 153. 

16. ILLINGsworTH, B., Cort, G. T., Biochem. Preparations, 
3, 4 (1953). 

17. RosENKRANTZ, H., Abstracts of the Endocrine Society, 39th 
Meeting, Charles C Thomas, Springfield, Illinois, 1957, p. 
69. 

18. Hayano, M., DorrMan, R.I., Ann. N. Y. Acad. Sci., 
54, 608 (1951). 


| 

4 

| 
i 


January 1959 


. Mor, A. M., Experientia, 11, 33 (1955). 
. Koritz, 8. B., anp DorrMan, R.I., Arch. Biochem. Biophys., 


65, 491 (1956). 


. DIRSCHERL, W., AND Otto, K., Acta Endocrinol., 25, 64 (1957). 
. BLECHER, M., AND WuiTE, A., Federation Proc., 16, 155 (1957). 
. FLUcKIGER, E., VERzAR, F ., Helv. Physiol. et Pharmacol. 


Acta, 15, 293 (1957). 


. JEDEIKIN, L. A., Federation Proc., 16, 201 (1957). 


H. Rosenkrantz 39 


25. McNaueut, M. L., Guascock, R. F., Batmatn, J. H., AND 
Fo..ey, 8. J., Biochem. J., 60, 102 (1955). 

26. Leonarp, S. L., Endocrinology, 60, 619 (1957). 

27. Lester, G., Stone, D., HeEcuTeER, O., Federation Proc., 
15, 117 (1956). 

28. Koritz, 8S. B., anp Dorrman, R. I., Endocrinology, 58, 748 
(1956). 


tsof 19 
evel | 
this | 
Al | 
late, 
e in 

had 
pro- | 

was 
spir- 
1e In 
pro- 

In 
sary 
; In- 
is of 
vity 
en- 
it. 
hate 
letal 
se-6- | 

the | 
yple- 
of 
mes 
Vliss, 
Biol. 
‘ism, | 
emic | 

AND | 

III, 
Lons, 

| 
i, p. | 
Sci., | 


Studies on Copper Metabolism 


XXVII. THE ISOLATION AND PROPERTIES OF AN ERYTHROCYTE 
CUPROPROTEIN (ERYTHROCUPREIN)*t¢ 


H. Markowitz, G. E. Cartwricut, anp M. M. WINTROBE 


From the Department of Medicine, University of Utah College of Medicine, Salt Lake City, Utah 


(Received for publication, June 24, 1958) 


In 1924, Hart, Elvehjem and coworkers demonstrated that cop- 
per is essential for erythropoiesis in most, if not all, mammalian 
species (1). Since that time many studies have been performed 
in attempts to elucidate the manner in which copper functions 
in erythropoiesis, but as yet this mechanism is not understood. 

Recent studies in this laboratory (2) have indicated that the 
amount of copper in the erythrocytes of copper-deficient pigs is 
reduced and that the life span of these copper-deficient erythro- 
cytes in the circulation is shortened. This suggests that copper 
may be an essential component of adult red cells and, therefore, 
it seemed of importance to isolate and characterize the copper- 
containing component or components of erythrocytes. 

The only previous study of this nature was that of Mann and 
Keilin (3). These workers isolated a blue copper protein from 
ox erythrocytes. The protein contained 0.34 per cent copper and 
had a molecular weight of about 34,000. Attempts to isolate a 
pure copper protein from human erythrocytes were unsuccessful, 
although a preparation containing 0.21 per cent copper was ob- 
tained. 

The purpose of this paper is to describe the isolation of a copper 
protein from human erythrocytes and to outline an immunologic 
technique for the quantitative estimation of this protein in 
hemolysates of erythrocytes. In addition, immunologic, chem- 
ical and physical properties of the protein are described in this 


and in another paper (4). 
EXPERIMENTAL 


“Copper-free” distilled water was obtained by passage of 
distilled water through a Deeminizer (Crystal Research Labora- 
tories, Inc., Hartford, Connecticut) column of exchange resins. 
Saturated lead acetate solution was adjusted to pH 5.7 and stored 
at 0° as were all other reagents, except where noted. The 
chloroform-ethanol solution (1:14) was stored at —5° until 
used. In the later stages of purification, all tubes and vials were 
capped with Parafilm (Marathon Corporation, Menasha, Wis- 
consin), which has been found to be copper free. Calcium tri- 
phosphate gel was prepared according to Tsuboi and Hudson 
(5) except that the final suspension was in copper-free distilled 


* This investigation was supported in part by a contract (AT- 
(11-1)-82, Project No. 6) between the United States Atomic En- 
ergy Commission and the University of Utah and in part by a 
research grant (C-2231) from the National Cancer Institute, 
National Institutes of Health, United States Public Health 
Service. 

t+ A preliminary report of some of the studies described here 
was presented at the 132nd meeting of the American Chemical 
Society, New York City, September 8 to 13, 1957. 


water. In the preparation of the gel it is important that it be 
washed thoroughly with distilled water because erythrocuprein 
is eluted from the gel in the presence of even small amounts of 
phosphate buffer. This gel was stable for at least several months 
when stored at 0-5°. Each freshly prepared batch was tested 
for its ability to adsorb erythrocuprein from solution. 

The various buffers used were all prepared in copper-free dis- 
tilled water and stored at 0-5°. Analytical reagent grade am- 
monium sulfate was recrystallized and a saturated solution in 
copper-free distilled water was prepared and adjusted to pH 
6.0 to 6.4 with NH,OH and then stored at 0°. All fractionations 
with ammonium sulfate were at 0°. 

Nitrogen analyses were performed by a micro-Kjeldahl method 
(6). Absorption spectra were determined with a Beckman model 
DU spectrophotometer. Paper electrophoreses were performed 
in the Beckman Spinco model R cell. The papers were stained 
with bromphenol blue for protein and with alizarin blue S (7) 
for detection of protein-bound copper. Copper analyses were 
performed colorimetrically with diethyldithiocarbamate (8) or 
with oxalyldihydrazide (9).! 

Antibody against purified erythrocuprein was prepared by 
immunizing rabbits intradermally with a Freund adjuvant mix- 
ture (10). Three courses of immunization, each consisting of 
three weekly injections of antigen (1.0 mg.), were necessary in 
order to obtain antiserum containing about 0.3 mg. of antibody 
N per ml. The antiserum was preserved with 1:10,000 Merthi- 
olate? or stored in the frozen state. Homogeneity of antiserum 
was demonstrated by Oudin determinations (11) which were 
performed in a constant temperature bath. Ouchterlony (12) 
plates were run at room temperature. Quantitative precipitin 
analyses were done as outlined by Kabat and Mayer (13). 


Isolation and Purification of Erythrocuprein 


Step 1. Preparation of Hemolysate—Human blood,’ preserved 
in acid-citrate-dextrose solution, was used in these studies. 
Blood samples were pooled without regard to blood group and 
Rh factor. In a typical run 6 liters of blood were used and the 
plasma separated by centrifugation and discarded. The erythro- 
cytes were washed three times in the cold with isotonic saline and 


1H. Markowitz, G. E. Cartwright, and M. M. Wintrobe, un- 
published data. 

2 Eli Lilly and Company, Indianapolis, Indiana. A 1 per cent 
solution in 0.85 per cent NaCl was stored in the dark. 

3 Cells which were more than 6 weeks old were usually unsatis- 
factory, due to extensive hemolysis. Erythrocytes were washed 
immediately after removal of plasma since storage for 24 hours or 
longer led to greatly increased fragility. 


40 


| 

| 

| h 
d 

st 
d 
p 
ta 
ti 
| fo 
tic 
the 
ize 
| 


January 1959 


then hemolyzed with an equal volume of cold distilled water.‘ 
The total copper was 3030 ug. (Table 1). 

Step 2. Removal of Hemoglobin—0.88 volume of cold chloro- 
form-ethanol solution was added rapidly with vigorous stirring 
to the cold hemolysate (3). A massive precipitate developed 
immediately and it was necessary to agitate the suspension for 
at least 5 minutes to ensure thorough mixing. After another 5 
minutes, the suspension was filtered through Hy-Flo Super Cel 
(Johns-Manville Products, New York, New York) and the filter 
cake was washed with cold distilled water. The filtrate was 
again filtered through a fresh cake of Hy-Flo Super Cel in order 
to remove the last traces of precipitated hemoglobin. The 
volume of the clear, light yellow filtrate was 6.84 liters and it 
contained 821 yg. of copper (27 per cent recovery). 

Step 3. Lead Precipitation—240 ml. of saturated lead acetate 
solution were added slowly to the chilled filtrate, with stirring. 
The precipitate was centrifuged off and the supernatant solution 
was tested with additional lead acetate solution to determine the 
completeness of precipitation. The precipitate was then ex- 
tracted with 400 ml. of 0.33 m phosphate buffer, pH 6.0, for 2 
hours at 0°, and after centrifugation the residue was reextracted 
with 200 ml. of buffer. The extracts were pooled and dialyzed 
in the cold against distilled water until they were free of phos- 
phate. This procedure extracted all of the copper-containing 
material from the lead complex. 

Step 4. Tricalcium Phosphate Gel Adsorption—200 ml. of cold 
tricalcium phosphate gel suspension were added and after 10 
minutes the gel was removed by centrifugation. After adsorp- 
tion, the gel was washed three times in the centrifuge with cold 
copper-free distilled water and then extracted with two 200-ml. 
portions of 0.2 m phosphate buffer, pH 6.0. Following this the 
extracts were first dialyzed against distilled water until free of 
phosphate, and finally against two changes of copper-free distilled 
water, after which they were lyophilized. 

Adsorption with phosphate gel removed about 60 per cent of 
the contaminating nitrogenous material. For example, in one 
experiment the preparation before adsorption contained 270 yg. 
of Cu and 146 mg. of N, whereas after elution the solution con- 
tained 258 ug. of Cu and 58 mg. of N. 

The yield at this stage was 436 mg. of lyophilized material 
(698 ug. of Cu). This represented a recovery of 23 per cent of 
the Cu present in the original hemolysate (Table I). 

Step 5. Ethanol Fractionation—Ethanol fractionation was car- 
ried out in a refrigerated bath maintained at —5°, the ethanol 
having been prechilled to —20°. Pilot experiments were done to 
determine the optimal ionic strength and pH. Best fractionation 
was obtained at pH 5.2, ionic strength = 0.10. Some dissocia- 
tion of copper occurred below pH 4.5. 

415 mg. of lyophilized material from Step 4 were dissolved in 
30 ml. of chilled distilled water and 30 ml. of acetate buffer, ionic 
strength 0.20 and pH 5.2, were added. The turbid, somewhat 
green solution was then chilled to 0° and cold ethanol was added 
dropwise with stirring. After addition of enough ethanol to 
prevent freezing, the temperature was lowered to —5° and main- 
tained at this point throughout the fractionation and centrifuga- 
tion procedures. Fractions were separated by centrifugation at 


‘ In later studies a crude erythrocuprein preparation was made 
for us by Dr. John Hink, Jr., Cutter Laboratories, Berkeley, 
California. Erythrocytes were separated by Sharples centrifuga- 
tion and were not washed with isotonic saline. Steps 2 and 3 were 
then carried out, and after dialysis the preparation was lyophil- 
ized. 
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TaBLeE 
Representative yields and purification in the isolation procedure 


Yield* Purification 
Step Fraction 
Solids | Copper Cu/N 
tration 
meg. ug. % ug./meg. 
1 | Hemolysate.............. Paws 3030 <0.01 
3 Extract of Pb precipitate.... 820 1.8 
4 | Extract of phosphate gel..... 436 | 698 | 0.16 4.5 
Ethanol supernatant......... 51 26 | 0.05 
5 | 45% ethanol precipitate....... 109 109 | 0.10 
65% ethanol precipitate....... 208 | 520) 0.25); 15.1 
50% ammonium sulfate pre- 
6 | 50-66% ammonium sulfate 
66-75% ammonium sulfate 
precipitate. ............... 43 138 | 0.32 19.4 
75-89% ammonium sulfate 
precipitate................ 16 45 | 0.28 


* The yields have been adjusted so that they represent those 
that would have been expected had all of the material from each 
step been used for the isolation of the compound. 


45 per cent and 65 per cent ethanol concentration, volume for 
volume, dissolved in cold, copper-free distilled water, dialyzed in 
the cold for 24 hours and then lyophilized. 198 mg. of materia] 
with a copper content of 0.25 per cent was obtained in this 
fashion from the material precipitating at 65 per cent ethanol 
concentration. The 45 per cent fraction vielded 104 mg. of 
material containing 0.10 per cent Cu, whereas the supernatant 
solution from the 65 per cent precipitate yielded 48 mg. contain- 
ing 0.05 per cent Cu. This represented a total recovery of 21 
per cent of the copper in the starting material (Table I). 

Step 6. Ammonium Sulfate Fractionation—138 mg. of materia] 
precipitating from 65 per cent ethanol (Step 5) were dissolved in 
10 ml. of copper-free distilled water and chilled to 0°. A satu- 
rated solution of ammonium sulfate was added slowly with stir- 
ring and fractions were separated at 50, 66, 75, and 89 per cent 
of saturation. The precipitates were dissolved in distilled water, 
dialyzed until sulfate-free and lyophilized as described previ- 
ously. The fraction precipitating at 75 per cent saturation 
weighed 28.5 mg. and contained 0.32 per cent Cu (Table I). 


Some Properties of Purified Erythrocuprein 


Copper Concentration and Copper to Nitrogen Ratios—The most 
highly purified preparations, i.e. those precipitating from solution 
75 per cent saturated with ammonium sulfate, contained 0.32 to 
0.36 per cent copper. This corresponds to a minimal molecular 
weight of about 17,900. Copper (ug.) to nitrogen (mg.) ratios 
were 19.2 to 21.6. 

Clear, faintly greenish blue solutions were obtained in water, 
physiological saline or buffered solutions. None of the copper 
present was dialyzable. Less than 2.5 per cent of the copper 
reacted directly with diethyldithiocarbamate, an amount which 
is within the experimental error of the analytical method (14). 
Paper electrophoretic strips stained for copper with alizarin blue 
S revealed a single copper-containing spot. 

Temperature Stability—Stability with respect to temperature 
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TABLE II 
Temperature stability of erythrocuprein 

Temperature Copper released 
hours ue. % hours % 
0 3 <0.067 <2.5 7.5 100 
38 3 <0.06T <2.5 7.5 100 
56 3 <0.17t <7.0 0.5 96 
56 1.0 90 
56 7.0 90 


Human Erythrocuprein 


* Reactivity of the heated sample toward homologous anti- 
serum is expressed as: 
Antibody N precipitated after heating 
Antibody N precipitated before heating 
{ Below limits of the accuracy of the method. 


TaBLeE III 
pH Stability of erythrocuprein 
pH Copper released — 
ug. % % 
1.0 oe 100 70 
1.2 0.73 74 
2.5 0.50 46 87 
4.5 <0.14f <13 100 
7.4 0 0 100 
8.6 <0.24f <24 
11.5 0.91 83 


* The reactivity of the acid treated samples is an average of 
values obtained at several points in the region of antibody excess. 
Reactivity of the heated sample toward homologous antiserum is 
expressed as: 

Antibody N precipitated after heating 
Antibody N precipitated before heating 
+t Below limits of the accuracy of the method. 
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ANTIGEN N ADDED, N PERO SmI. SERUM 
Fic. 1. Quantitative precipitin reactions of purified (‘‘native’’) 
and acid treated erythrocuprein with rabbit anti-erythrocuprein 
serum. The points in the upper section were all in the region of 
antibody excess. 
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was measured as a function of the amount of copper released and 
change in immunologic reactivity. 

0.5-ml. aliquots of an aqueous solution of erythrocuprein (1.54 
mg. per ml.) were incubated at 0°, 38° and 56° for different 
periods of time (Table II). All solutions remained clear through- 
out all of the experiments. At the end of the incubation period 
the per cent of the copper present which reacted directly with 
sodium diethyldithiocarbamate was determined. Immuno- 
logical reactivity was determined by dilution of the incubated 
samples with 0.9 per cent sodium chloride, followed by addition 
of aliquots to calibrated homologous antiserum and measurement 
of the amount of precipitated nitrogen. The results are pre- 
sented in Table II. 

Aqueous and saline solutions of the cuproprotein have been 
stored at 0-5° for periods up to one year without an increase in 
directly reacting copper or a decrease in immunological reac- 
tivity. Likewise, the protein was found to be stable for at least 
3 hours at 38°. At 56°, approximately 7 per cent of the copper 
was released in 1 hour and immunological reactivity decreased 
10 per cent. Further deterioration of the protein did not take 
place after | hour at this temperature. 

pH Stability—Aqueous samples of erythrocuprein were ad- 
justed with either dilute HCl or NaOH to the desired pH and 
after 1 hour at room temperature the solution was readjusted to 
pH 7.0. After dilution to volume, aliquots were used for directly 
reacting copper determinations and estimation of immunological 
reactivity. The results are given in Table III and Fig. 1. 

At pH 2.5, 46 per cent of the copper was released but there was 
a decrease of only approximately 13 per cent in the immunological 
reactivity of the protein and the initial combining ratio of the 
acid-treated protein was not altered (Fig. 1). At pH 1.0, 100 
per cent of the copper was released with an associated loss of only 
30 per cent of the immunological reactivity. However, the initial 
combining ratio of the protein was markedly altered. 

Influence of Cyanide—Three different erythrocuprein prepara- 
tions, each with a copper content of 0.32 per cent, were treated 
at 0° for 24 hours with 5 K 10-7m NaCN. In two of the exper- 
iments the cyanide solutions were adjusted to pH 8; in the third 
experiment the solution of cyanide was adjusted to pH 7.5 in 
Tris buffer (tris(hydroxymethyl)aminomethane). After 24 
hours the solutions were dialyzed at 0° for 24 hours against 200 
volumes of copper-free distilled water. The erythrocuprein 
solutions were then lyophilized and the copper content and 
copper :nitrogen ratios determined. 

At pH 8.0 exposure to cyanide resulted in a loss of 44 to 53 
per cent of the copper. At pH 7.5, 22 per cent of the copper 
was lost and the copper:nitrogen ratio (ug. per mg.) decreased 
from 21.8 to 15.8. The immunological reactivity of the protein 
after treatment with cyanide at pH 7.5 decreased only 5 per 
cent. 

Absorption Spectrum—The absorption spectrum for erythro- 
cuprein is presented in Fig. 2. For comparison, the absorption 
spectrum of ceruloplasmin, the copper protein of plasma (15), 
is also shown. 

Crude preparations of erythrocuprein had absorption maxima 
at 278 and 405 mu. As purification proceeded, the absorption 
band in the visible range shifted to 655 mu and the maximum 
in the ultraviolet region shifted from 278 to 265 mu. In agree- 
ment with the report of Holmberg and Laurell (15), cerulo- 
plasmin had absorption maxima at about 280 and 605 mu. 

The molecular extinction coefficient (€) of erythrocuprein at 
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OPTICAL DENSITY [Erythrocuprein] 


20 
l l 
S40 260 280 300 400 500 600 700 800 
WAVELENGTH, ma 
Fic. 2. Absorption spectra of erythrocuprein and ceruloplas- 
min. - - -, ceruloplasmin; ——, erythrocuprein. Densities were 


adjusted to 1.0 mg. of protein per ml. (1.0 cm. light path) in the 
ultraviolet range. In the visible range densities were adjusted to 
5.0 mg. of protein per ml. (5.0 em. light path). 


655 my is 284 and at 265 my, 18,400; the molecular extinction 
coefficient of ceruloplasmin at 605 my is 10,000 and at 280 my, 
81,500. 

Immunological Properties—When two different concentra- 
tions of erythrocuprein (0.8 and 3.0 mg. per ml.) were tested 
against homologous antiserum by the Oudin agar diffusion 
technique, only one zone was observed. This gave a straight 
line when its rate of migration was plotted against the square 
root of the time in hours (16). The supernatant solutions from 
the precipitin reactions contained either excess antibody or 
antigen, but in no case were both present in the same sample. 

By Ouchterlony agar diffusion tests (12) all pure erythro- 
cuprein preparations studied produced only one line of precipita- 
tion and appeared identical to one another. Hemolysates of 
adult erythrocytes likewise gave only one line of precipitation 
and this line appeared identical from one hemolysate to another. 
Direct comparison of purified preparations of erythrocuprein 
with adult red cell hemolysates also showed the “reaction of 
identity”’ (17). This is illustrated in Fig. 3. 

A hemolysate of beef erythrocytes, when tested by the 
Ouchterlony technique, failed to give any reaction with anti- 
human erythrocuprein rabbit serum. Ceruloplasmin isolated 
from human serum by the procedure of Holmberg and Laurell 
(15), also failed to give a reaction with antierythrocuprein 
rabbit serum either by precipitin or by agar diffusion techniques. 
Erythrocuprein did not react with antiserum to blood groups 
A or B or with Coombs’ antiserum. 

Erythrocuprein Content of Human Erythrocytes—Hemolysates 
of human erythrocytes were prepared as follows. 4 ml. of a 
30 to 50 per cent suspension of washed erythrocytes were hemo- 
lyzed by the addition of 0.45 mg. of saponin in isotonic saline 
and, after 2 hours at 0°, isotonic sodium chloride was added to 
make a final volume of 25 ml. The hemolysates were then 
centrifuged at 15,000 x g for 30 minutes at 0° and stored in 
the frozen state until used. 

Hemolysates of human erythrocytes were added to a known 
volume of antiserum. After 48 hours in the cold, the pre- 
cipitates were removed by centrifugation at 0° and washed with 
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Fig. 3. Agar diffusion analysis (Ouchterlony). Upper left, 
hemolysate of normal human erythrocytes prepared by freezing 
and thawing packed red blood cells. Upper right, purified eryth- 
rocuprein (39 wg. per ml.). Lower center, rabbit antiserum for 
purified erythrocuprein. All wells were charged with 0.1 ml. of 
the appropriate solution and the Petri dish sealed with Parafilm 
and allowed to remain in the dark. Immediately before photo- 
graphing the plate was treated with 5 ml. of 20 per cent trichloro- 
acetic acid for 5 minutes and then washed with distilled water. 
This increased the density of the precipitated bands. 


TABLE IV 

Copper and erythrccuprein content of normal human erythrocytes* 

| | | 

| | x 

| | | 

Subject cell | Erythrocuprein | 

| | =| 

| | glk 

| | | | 

| | | 

| | 

100 ml. omg. /100 ml. ag. / 100 ml. | % 

1 iM | 4 108 | 95 

2 117 | 35.8 114 98 

3 | S4 | 29.1 93 | 110 

4 99 | 29.2 4 | 95 


* Obtained from normal male subjects. 
t Erythrocuprein in mg. X 1000 & 0.0032. 
t Erythrocuprein copper divided by total red blood cell copper. 


3.0 and then 2.5 ml. of cold 0.9 per cent sodium chloride. The 
nitrogen content of the specific precipitates was determined 
and from the calibration curve the amount of erythrocuprein 
nitrogen present in the hemolysate was calculated. From a 
nitrogen content of 16.5 per cent (4), the amount of erythro- 
cuprein in 100 ml. of packed red cells could be calculated. The 
values obtained for the erythrocytes from four normal, adult 
male subjects are presented in Table IV. 
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Enzymic Activity—Tests for oxidase activity with p-phenyl- 
enediamine, ascorbic acid and tyrosine as substrates were nega- 
tive. The preparation contained no carbonic anhydrase activity. 


DISCUSSION 


The presence of a single band when several different con- 
centrations of erythrocuprein were tested against homologous 
antiserum by the agar diffusion techniques suggests that the 
system studied was homogeneous. The observation that the 
erythrocuprein isolated was immunologically identical with the 
protein in erythrocyte hemolysates, as evidenced by Ouchterlony 
agar diffusion tests, suggests that the properties of the naturally 
occurring cuproprotein were not modified. Had the protein 
been altered during purification, the appearance of several 
bands or an indication of:some degree of cross reaction might 
have been expected (17). The physical homogeneity of the 
preparation will be discussed in more detail in the paper which 
follows (4). 

When erythrocuprein was subjected to a pH of 2.5 for 1 hour 
at room temperature, 46 per cent of the copper-protein bonds 
were cleaved. The resulting product, however, still reacted 
strongly with antiserum to the native protein. It can be seen 
in the upper portion of Fig. 1 that the initial combining ratio 
of the acid-treated protein had not been altered. More drastic 
treatment at pH 1.1 produced a marked alteration in the initial 
combining ratio. Both preparations, however, were less capable 
of combining with antibody. Whether this was due specifically 
to removal of copper, to denaturation and spatial alteration of 
erythrocuprein alone, or to a combination of the two cannot 
be determined from the data available. It is evident, however, 
that a marked cleavage of copper bonds can take place with 
retention of a major portion of the immunological reactivity. 
This conclusion is strengthened by the experiments with buffered 
cyanide solutions in which one-fourth of the copper bonds were 
cleaved with almost no alteration in immunological reactivity. 

Mann and Keilin (3) isolated a blue copper-containing protein 
from beef erythrocytes. This protein had a molecular weight 
of about 34,000 and contained 2 atoms of copper per molecule. 
The copper protein isolated by us from human erythrocytes is 
similar to the beef erythrocyte cuproprotein in regard to molecu- 
lar weight and copper and sulfur content (4), but differs in that 
it is nearly colorless, whereas the hemocuprein of Mann and 
Keilin was distinctly blue. This difference in cclor cannot be 
caused by differences in the proportion of Cu** to Cu* since 
the blue color of the beef protein is much stronger than an 
equivalent amount of a copper salt in alkaline solution (3). 
Also, no immunological cross reactivity between the beef and 
the human cuproproteins was observed. The complete lack of 
cross reaction suggests that the proteins differ in important 
respects. 

Mann and Keilin also isolated a cuproprotein from beef serum 
and stated that this protein had all of the properties of hemo- 
cuprein obtained from corpuscles. Therefore, they referred to 
both proteins as hemocuprein. 
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In human subjects it is apparent that the copper protein of 
plasma, ceruloplasmin, isolated by Holmberg and Laurell (15) 
is distinctly different from the copper protein isolated by us from 
human erythrocytes. Ceruloplasmin is deep blue in color, 
contains 8 atoms of copper per molecule, and has a molecular 
weight of about 151,000. The human erythrocyte copper 
protein is nearly colorless, contains 2 atoms of copper per 
molecule and has a molecular weight of about 33,000 (4). The 
two proteins also differ in isoelectric point (4, 15) and in absorp- 
tion spectra. Furthermore, there is complete lack of immuno- 
logical cross reactivity between the two cuproproteins. Thus, | 
in the human subject at least, there is more than one “hemo- 
cuprein.”’ For this reason, we propose the name, erythrocuprein, 
for the human erythrocyte copper protein. Recent studies in 
our laboratory® suggest that in certain disease states there may 
be several immunologically identifiable, but cross-reacting, 
erythrocupreins. 

Erythrocuprein is similar in color, copper content and molec- 
ular weight to hepatocuprein isolated from ox liver by Mann 
and Keilin (3) and from horse liver by Mohamed and Greenberg 
(18). The red cell copper protein differs from cerebrocuprein, 
the copper protein isolated from human brain (19), in that the 
copper in the latter compound reacts directly with diethyldi- 
thiocarbamate. 

Preliminary studies indicate that normal adult human ervthro- 
evtes contain about 30 to 36 mg. of erythrocuprein per 100 ml. 
of packed cells, as measured by the precipitin technique. The 
concentration of copper in the erythrocytes analyzed was 93 to 
114 wg./100 ml. Since erythrocuprein contains at least 3.2 yg. 
of Cu per mg. of protein, it is apparent that ervthrocuprein 
accounts for most, if not all, of the copper in normal erythro- 
cytes. Further studies will be necessary to ascertain with 
certainty whether or not there is a small amount of nonerythro- 
cuprein copper in normal erythrocytes. 


SUMMARY 


1. A procedure is described for the isolation of a cuproprotein 
(ervthrocuprein) from human erythrocytes. 

2. This protein contains 0.32 to 0.36 per cent copper and is 
relatively stable at 0° to 37° and in the range of pH 4.5 to 8.6. 
The absorption spectrum of erythrocuprein has maxima at 265 
my and 655 mu. a 

3. Erythrocuprein is the major, if not the only, cuproprotein 
present in normal, mature human erythrocytes. 
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In the preceding paper (1) the isolation from human erythro- 
cytes of a copper protein, erythrocuprein, was described. Data 
on the copper content, temperature and pH stability, absorp- 
tion spectrum, immunological properties, and quantity in eryth- 
rocytes were presented. The present study was performed in 
order to further characterize erythrocuprein. 

The amounts of erythrocuprein available from the preparative 
procedure described in the preceding paper were insufficient for 
a thorough physicochemical investigation. However, larger 
amounts of material could be prepared by use of continuous 
flow ionophoresis on a hanging curtain (2). The modifications 
of the preparative procedure are described. In addition, the 
elemental, amino acid, and carbohydrate composition of this 
protein are given. Electrophoretic, sedimentation, and dif- 
fusion studies arc presented and the molecular weight has been 
determined from the amino acid composition and from sedi- 
mentation-diffusion. 


EXPERIMENTAL 
Preparation of Erythrocuprein 


The erythrocuprein used for these studies was prepared by 
two methods. In the early stages of the study, the preparative 
procedure described in the preceding paper (1) was used. Later, 
it was possible to eliminate Steps 4, 5, and 6 of this method by 
use of the hanging-curtain ionophoresis technique (2). 

The proteins recovered from the lead acetate precipitation 
(Step 3) were dialyzed free of salt and stored as the lyophilized 
powder. In preparation for ionophoresis, the powder was 
dissolved in 0.01 m phosphate buffer at pH 7 and dialyzed for 
24 hours at 4° against the same buffer. After removal of a large 
amount of insoluble material, the final concentration of protein 
was 1.5 to 2.5 per cent. Approximately 50 ml. of this solution 
(the equivalent of 0.75 to 1.25 gm. of protein) were applied 
directly to the filter paper curtain! at a rate of | ml. perhr. The 
curtain had been previously equilibrated in situ with the phos- 
phate buffer prior to application of the sample. Buffer flow 
down the curtain was adjusted to about 0.5 ml. per hour at 
each drip point. Flow down the side wicks was such that there 
was no lateral movement of buffer. Under these conditions 
about 6 hours were required for the protein to descend the 


* This investigation was supported in part by a contract, 
AT(11-1)-82, Project No. 6, between the United States Atomic 
Energy Commission and the University of Utah, by research 
grants from the National Institutes of Health, United States 
Public Health Service, and the American Cancer Society. 

! Continuous flow paper electrophoresis cell, model CP, Spinco 
Division, Beckman Instruments, Inc., Belmont, California. 


length of the curtain and during this period it was subjected to 
a potential of 11 volts per cm. 

Aliquots of each of the 32 fractions collected during the run 
were analyzed for protein by the turbidimetric technique of 
Biicher (3). A typical ionophoretic pattern is shown in Fig. 1. 
The fractions containing the erythrocuprein exhibited an ob- 
vious blue-green color. These fractions, indicated by the solid 
bar, were pooled, dialyzed free of salt, and freeze-dried. 

In a typical run with 1.0 gm. of material from Step 3, ap- 
proximately 600 mg. were insoluble in the phosphate buffer. 
The remaining 400 mg. of soluble material were applied to the 
hanging curtain and yielded 110 mg. of erythrocuprein after 
ionophoresis. The over-all purification, therefore, was ap- 
proximately 9-fold. The copper content of the starting material 
was 0.04 per cent, and of the final product 0.34 per cent. The 
extent of purification on this basis was 8.5-fold, in excellent 
agreement with the weight recovery. 1 gm. of the starting 
material contained a total of 400 ug. of Cu whereas the erythro- 
cuprein isolated was equivalent to 375 wg. of Cu. This repre- 
sents a 93 per cent recovery of Cu. 

The extent of purification accomplished by the ionophoretic 
procedure is the same as that brought about by Steps 4, 5, and 6 
of the preparative procedure described previously (1). It is 
striking that the recovery of Cu in the ionophoretic preparation 
is 4 times greater than in the corresponding steps of the chem- 
ical procedure. Therefore, ionophoresis not only permits the 
handling of larger amounts of material but also increases the 
efficiency of separation and consequently the vield of erythro- 
cuprein. 

Erythrocuprein thus obtained was immunologically identical 
with the material isolated by the procedure described previously 


(1). 
Elementary Composition 
The nitrogen and sulfur content of erythrocuprein were 
determined by the Dumas method and the method of Elek and 
Hill (4), respectively. Phosphorus was determined by _ the 
method of King (5). All values were corrected for the moisture 


and ash content. Erythrocuprein contained 16.53 per cent 
nitrogen, 1.05 per cent sulfur, and no phosphorus. 


Amino Acid Composition 
Amino acid analyses were performed on acid hydrolysates of 


erythrocuprein by a modification? of the ion exchange technique 
of Moore et al. (6). Weighed samples of erythrocuprein were 


2 J. R. Kimmel and Emil L. Smith, in preparation. 
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dissolved in 500 times their weight of 3 times glass-distilled 6 N 
HCl, and hydrolyzed in evacuated sealed tubes at 110° for 
either 20 or 70 hours. The hydrolysates, which were prepared 
for analysis as described in previous publications from this 
laboratory (7), were only slightly colored, and contained small 
amounts of humin. The amount of protein in each hydrolysate 
(usually about 2 mg. per ml.) was determined by duplicate 
micro-Kjeldahl analyses. 1-ml. aliquots of the hydrolysates 
were placed on 0.8 by 150 cm. columns of sulfonated polystyrene 
resin. The preparation and operation of these columns has 
been described previously (6). The eluate was collected in 1.5 
ml. aliquots and analyzed with the ninhydrin reagent of Moore 
and Stein (8). 
from a 0.8 by 15 cm. column of the same resin. Cystine was 
determined as cysteic acid after oxidation of the protein at 0° 
with performic acid (9). The oxidized protein was hydrolyzed 
for 20 hours as described above and the hydrolysate chroma- 
tographed on the 150 cm. columns. Tryptophan was deter- 
mined in the intact protein by the method of Spies (10). 

The initial analyses demonstrated the presence of a substance 
which behaved like glucosamine on the ion exchange columns. 
In most proteins that contain hexosamine, other carbohydrates 
have also been found. For this reason, erythrocuprein was 
examined for the presence of hexose, methyl pentose, and sialic 
acid. Hexose was determined by the orcinol reaction (11) with 
an equimolar mixture of galactose and mannose as standard. 
Sialic acid was estimated by the Ehrlich (12) method with the 
acid glycoprotein of Weimer et al. (13) as the standard; this 
protein has been reported to contain 10 per cent sialic acid (13). 
Methyl pentose was determined by the cysteine-H.SO, method 
of Dische and Shettles (14). Hexosamine was measured both 
by the Elson and Morgan procedure (15), as modified by Blix 
(16), and by the ion exchange column method. The examina- 
tion of 20- and 70-hour hydrolysates on the ion exchange columns 
permitted an estimation of the amount of destruction which 
occurred during hydrolysis. 

Typical elution patterns from the ion exchange columns are 
given in Fig. 2. The most striking features of these patterns 
are the presence of hexosamine (15-cm. column), the absence of 
methionine, and the low tyrosine content. Aspartic acid, 
glutamic acid, and glycine are also present in large amounts. 

The composition of erythrocuprein is given in Table I. The 
values given in Column | are average or extrapolated values 
resulting from triplicate analyses of 20- and 70-hour hydrolysates. 
Aspartic acid, threonine, and hexosamine exhibited destruction 
upon acid hydrolysis. Correction for this was performed by 
plotting the yield of each amino acid versus the time of hydrolysis 
and extrapolating in a linear fashion to zero time of hydrolysis. 
The extent of destruction observed after 20 hours hydrolysis 
was as follows: aspartic acid 5 per cent, threonine 5 per cent, and 
hexosamine 9 per cent. It is noteworthy that no significant 
destruction of serine was observed. The yields of valine, leucine, 
histidine, and arginine were significantly higher in the 70-hour 
hydrolysates. Since peptide bonds involving some or all of 


these amino acids are known to be hydrolyzed slowly, only the 
data from 70-hour hydrolysates were used in the final calcula- 
tions. 

The weight and nitrogen recoveries given in Table I indicate 
that the composition of erythrocuprein has been estimated 
satisfactorily. 


It is unlikely that there is any significant quan- 


The basic amino acids were estimated in eluates — 
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TUBE NUMBER 

Fic. 1. Elution pattern of a typical hanging curtain iono- 
phoresis for preparation of erythrocuprein. The protein solution 
(1.5 to 2.5 per cent) in 0.01 m phosphate buffer at pH 7 was applied 
continuously at the top of the curtain in the relative lateral posi- 
tion shown by the arrow, and subjected to a potential gradient of 
11 volts per cm. during the 6 hours required to descend the length 
of the curtain. Protein content of the fractions was estimated by 
a turbidimetric procedure. The solid bar indicates the fractions 
which contained the blue-green erythrocuprein. These tubes 
were pooled. 
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EFFLUENT FRACTION 
Fic. 2. Elution pattern of a 20 hour hydrolysate of erythro- 
cuprein on Amberlite IR-120 X 8 columns, 0.8 by 15 em, and 0.8 
by 150 em. The optical density of the ninhydrin color at 570 


my for each amino acid is plotted on the ordinate. The ninhydrin 
color produced by proline was read at 440 my. In the preparation 
of this graph correction for different color yields of the individual 
amino acids was not applied. For the run shown, 2.85 mg. of 
protein hydrolysate were applied to each column. In most cases, 
the resolution of histidine was better than shown here. This 
particular 15 em.-column run is illustrated because of the clarity 
of the hexosamine peak. The asymmetry of the valine peak is an 
artifact associated with the change to the pH 4.25 buffer. 


tity of unknown constituent in the protein. An explanation 
for the high recovery of nitrogen is not apparent. Ordinarily, 
it is observed that the amount of ammonia present in acid 
hydrolysates of proteins increases with duration of hydrolysis. 
This increase is associated with destruction of certain amino 
acids, notably threonine and serine. In order to arrive at a 
reliable ammonia value, one must perform a graphical analysis 
as done with aspartic acid and threonine. Inasmuch as the 
amount of ammonia in the 20-hour hydrolysates was higher than 


10 
to 35 
n 
of 
»b- 
lid 
er. 
he 
ter 
up- 
ial 
he 
nt 
ng 
ro- 
re- 
tic 
16 
is } 
on 0.5 
m- TYR 
ro- | 
cal 
sly 
re 
nd 
he 
re 
nt 
of 
ere 


48 


Properties of Erythrocuprein 


Vol. 234, No. | 


TABLE I 
Composition of erythrocupretn 
The values in Column 1 are average or extrapolated values obtained by triplicate analyses on 20- and 70-hour hydrolysates. The 
variations given are average deviations. The values in Columns 1 and 2 are given in terms of the anhydrous, ash-free protein. Tryp- 
tophan, hexose, and sialic acid were determined colorimetrically on the intact protein. 


: Constituent in gm. Assumed Calculated number 
Constituent ae 100 per 100 gm. N as of pumber ccolar eis 

Ampartic aeid........... 14.32 + 0.29* 16.55 10.54 804 33, 768 42 41.3 
SS PE 5.54 + 0.14* 6.53 4.65 1,825 32,850 18 18.2 
tle 5.18 + 0.10 6.25 5.04 1,681 33,620 20 19.7 
Glutamic acid........... 10.97 + 0.39 12.49 7.19 1,177 32,956 28 28.2 
De Ck. oe 3.25 + 0.11 3.85 2.83 2,989 32,879 11 11.1 
7.85 + 0.17 10.32 11.65 727 33,442 46 45.6 
4.75 + 0.12 5.95 5.66 1,597 33, 537 21 20.8 
6.87 + 0.15T 8.12 5.87 1,443 33,189 23 23.0 
3.74 + 0.16 4.33 2.80 3,026 33, 286 11 11.0 
6.07 + 0.14f 7.04 4.55 1,864 33, 552 18 17.8 
EGRESS ena ae 0.95 + 0.02 1.05 0.49 17,177 34,354 2 1.9 
Phenylalanine........... 4.37 + 0.18 4.90 2.52 3,368 33,681 10 9.9 
7.86 + 0.08 8.96 10.39 1,631 32,620 20 20.3 
5.97 + 0.09T 6.75 11.06 2,297 32,158 14 14.5 
1.18 + 0.00f 1.25 6.23 1,357 32,568 24 24.5 
4.27 + 0.01 4.76 9.26 3,658 32,922 9.1 
Half-cystine............ 3.51 + 0.02 4.13 2.92 2,940 32,340 11 11.3 
Tryptophan............. 0.34} 54,771 0.6f 
Hexosamine............. 1.63 + 0.03 1.81 86 9,877 29, 631f 3 3.4 
0.88 0.98 18,409 36,818} 2 1.8 
Sialic acid... . 1.78 1.87 0.41 20,449 40,898t 2 1.6 
0.36 17,620 35, 250f 2t 1.9f 

Total 100.12 + 2.20 117.88 104.9 33, 180 335 335.0 


* These values were obtained by extrapolating to zero time of hydrolysis as described in the text. 


t Calculated from the 70-hour hydrolysates only. 
t This value is omitted from the total. 


in the 70-hour hydrolysates, it is likely that small quantities of 
ammonia were absorbed during handling of these hydrolysates. 
For this reason, no attempt has been made to calculate the 
amide content of erythrocuprein. 

There are a few uncertainties in the composition of erythro- 
cuprein as shown in Table I. It is doubtful that tryptophan is 
present in the protein although the data suggest the presence of 
a single residue. The uncertainty is caused by a nonspecific 
color given by erythrocuprein in the tryptophan determination 
perhaps due to interference from sialic acid. However, the 
molar extinction coefficient of the protein at 280 my is compatible 
with the presence of tryptophan. The column analyses show 


C 


Fig. 3. Tracings of the electrophoretic and sedimentation pat- 
terns of erythrocuprein. A, descending electrophoretic pattern 
after 200 minutes; protein concentration was 0.38 per cent, in 
0.035 m Veronal buffer (Winthrop Laboratories) containing 0.065 
mM NaCl at pH 6.85. B, descending electrophoretic pattern after 
100 minutes; protein concentration was 0.11 per cent, in 0.1 M 
acetate buffer at pH 5.03. C, sedimentation pattern at pH 
6.85; protein concentration was 1.09 per cent in 0.05 m phosphate 
buffer, « = 0.1. The photograph was made 1 hour after reaching 
59,780 r.p.m. 


the presence of 3 residues of hexosamine per mole of protein. 
The Elson and Morgan technique indicates a hexosamine content 
of 1.05 per cent, equivalent to 2.2 moles of hexosamine per mole 
of protein. The average molecular weight of erythrocuprein as 
calculated from the amino acid composition is 33,200, in good 
agreement with the value calculated from the copper content. 
It is noteworthy that all of the sulfur can be accounted for as 11 
residues of half-cystine since the elemental analysis indicates the 
presence of the same number of sulfur atoms. 


Physical Properties 


Electrophoretic Studies—These observations were made in a 
Tiselius apparatus equipped with the schlieren scanning device 
described by Longsworth (17). 
in univalent buffers at an ionic strength of 0.1. pH was meas- 
ured with a glass electrode (Cambridge Instrument Company, 
Inc.) standardized against 0.05 mM potassium acid phthalate 


taken to be pH 4.00. The runs were performed at a potential | 


drop of approximately 6 volts per cm. Only descending bound- 
aries were used for the calculation of mobilities. 


Preparations of erythrocuprein were examined at pH 6.85 and 


pH 5.03. Typical patterns are shown in Fig. 3, A and B. It is 
apparent that the preparations contain at least two components 
electrophoretically. The minor component in each case com- 
prises less than 10 per cent of the total area under each peak. 
Isoelectric Point—10 yl. aliquots (8.8 wg. per ml.) of an aqueous 


The runs were made at 1.4° | 
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erythrocuprein solution were subjected to paper electrophoresis® 
for 16 hours (0.9 ma. per strip) at 22°. Various 0.05 m buffers 
were used covering the range from pH 4.8 to 9.8. The paper 
strips were then dried and stained with bromphenol blue. 
Mobility was calculated as mm. per ma. per hour and was not 
corrected for electro-endosmotic effect. By this technique, the 
isoelectric point was estimated to be near pH 5.2 (Fig. 4). 
Calculation of the mobility in a Tiselius apparatus at pH 6.85 
and pH 5.03 indicates that the isoelectric point is at approxi- 
mately pH 5.3. 

Sedimentation Studies—All runs were made at 59,780 r.p.m. 
and at room temperature in a Spinco model E ultracentrifuge. 
The sedimentation data are given in Svedberg units corre- 
sponding to water at 20° (s20,.) as calculated by the procedure of 
Svedberg and Pedersen (18). The controls and procedures were 
otherwise the same as those in earlier studies from this lab- 
oratory (19-21). Protein concentration was estimated re- 
fractometrically by assuming a refractive index increment of 
0.00184 for a 1 per cent solution. 

All preparations of erythrocuprein gave patterns which 
appeared monodisperse. A typical result is shown in Fig. 3, C. 
The sedimentation of erythrocuprein was found to decrease 
with increasing protein concentration. Consequently, s20,. was 
evaluated by linear extrapolation to zero protein concentration. 
The s20,. of erythrocuprein was found to be 3.02 S. There was 
excellent agreement among the extrapolated values of 820, for 
three separate preparations of erythrocuprein but the dependence 
on protein concentration was slightly different for each prepara- 
tion. 

Diffusion Studies—These studies were performed in the 


| electrophoresis cell by the method of Longsworth (22) from 


photographs taken by the schlieren scanning method. Results 
were calculated by the height-area method from the formula 
D = A*/4rH%t, where A is the area under the curve, H is the 
maximal height, ¢ the time in seconds, and D the diffusion 
constant in cm.? per sec. 

4 runs were performed at 1.4° in 0.1 Mm phosphate buffer at 


pH 6.85. The results were corrected for the difference in 


viscosity and temperature in the usual manner to give values of 
Dx,» (20). Both halves of the cell were used in all cases and 
photographs were taken between 4 and 120 hours after estab- 


| lishing the boundaries. The areas and heights were read from 


images projected on graph paper and the slopes obtained from 
the linear plots of 1/H against ~/t. The average value of 
= 9.38 + 0.7 XK 10-7 cm.? per sec. 

Molecular Weight—The molecular weight of erythrocuprein 
was computed from the formula M = RTs/D (1 — Vp) where 
T is the absolute temperature, R is the gas constant, p is the 
density of water at 20° and V was calculated from the composi- 
tion with the specific volumes of the individual amino acid 
residues given by Cohn and Edsall (23). The carbohydrate 
comp nents were assigned a specific volume of 0.67 (24). The 
calculated value of V is 0.718. 

With s20,. = 3.02 X 10-" and D = 9.3 X 10-7 the molecular 
weight is 28,000 + 2,000. The frictional ratio (f:fo) computed 
from these values is 1.17. 


DISCUSSION 


The data presented above favor the view that erythrocuprein 
has been isolated in essentially homogeneous form. The theo- 


3 Paper electrophoresis cell, model R, Spinco Division, Beckman 
Instruments, Inc., Belmont, California. 
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Fic. 4. Ionophoretic mobility as a function of pH for erythro- 
cuprein. The runs were made in 0.05 m buffers at 22° in a Spinco 
model R paper electrophoresis apparatus. The protein was sub- 
jected to electrophoresis for 16 hours at a current flow of 0.9 ma. 


per paper strip. 


retical copper content on the basis of 2 moles of Cu per 33,200 
gm. of protein is 0.38 per cent. The observed maximal content 
of 0.36 per cent (1) deviates from the theoretical value by 5 
per cent which is within the limits of experimental error. The 
observed S content is in line with the amount of cysteic acid 
found in the oxidized protein. 

The amino acid analyses can also be used as evidence of 
homogeneity. In general, the calculated number of amino acid 
residues per mole of protein is close to a whole number, with 
the exception of glycine and histidine. Of greater importance 
is the absence of methionine. Analyses performed on two 
different preparations of erythrocuprein showed no trace of 
methionine on the chromatograms. Similarly, methionine 
sulfone was absent in chromatograms of the oxidized protein. 
Since most animal proteins contain methionine, the absence of 
this amino acid from hydrolysates of erythrocuprein is important 
evidence for the lack of contaminating proteins which contain 
methionine, e.g. the analyses were conducted at a level of protein 
such that a methionine peak resulting from contamination of 
erythrocuprein with 5 per cent hemoglobin would have been 
readily detectable. 

All preparations of erythrocuprein which were examined in the 
ultracentrifuge gave a single symmetrical peak. In addition, 
the immunological studies described in the preceding paper (1) 
showed the presence of a single antigen-antibody system by 
several tests. 

The findings discussed above are cited as evidence for the 
homogeneity of erythrocuprein. However, it should be noted 
that the electrophoretic pattern is not completely symmetrical 
(see Fig. 3). This asymmetry may possibly be caused by 
impurities but could also be caused by minor variations in 
amide content or salt binding. Variable amide content is known 
to occur in ribonuclease (25) and insulin (26) and has been 
postulated to account for the chromatographically different 
forms of enolase (27). 

The molecular weight calculated from sedimentation-dif- 
fusion measurements is 17 per cent lower than the other cal- 
culated values. The reason for this discrepancy undoubtedly 
lies in the estimation of the diffusion constant which showed 
much greater deviations than usually found. Contamination 
with a small amount of material of molecular weight lower than 
erythrocuprein would markedly affect the rate of diffusion but 
could have little effect on the sedimentation pattern. More- 
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over, the protein used for the diffusion studies had been re- 
covered from electrophoretic analysis and although this handling 
was performed at low temperatures it is possible that some 
denaturation occurred. In view of the good results obtained in 
the chemical studies of erythrocuprein it is likely that the 
diffusion constant of erythrocuprein has been affected by some 
fragmentation, possibly caused by excessive handling. Because 
of the limited amounts of material available, further study of 
this problem is not possible at present. 

The analyses indicate that erythrocuprein contains small 
amounts of carbohydrate. In such cases it is often difficult to 
decide whether these components are impurities or an integral 
part of the protein. The precision of the present analyses for 
hexosamine, hexose, and sialic acid is not great enough to permit 
a decision on the basis of the stoichiometry. 

It has already been pointed out that the principal cuproprotein 
of human plasma, ceruloplasmin, differs from human erythro- 
cuprein in the number of Cu atoms per mole, immunological 
properties, and absorption spectra (1). It may now be added 
that the two proteins differ also in size and composition. It is 
noteworthy that the 3 cuproproteins isolated from human 
tissue, erythrocuprein, ceruloplasmin,‘ and cerebrocuprein (28), 
are all glycoproteins. 

It may be noted that there is no similarity in amino acid 
composition of human erythrocuprein and human hemoglobin 
A. The most striking difference is the absence of methionine 
from erythrocuprein, whereas hemoglobin A contains approxi- 
mately 1.2 per cent methionine (29). Similarly, hemoglobin A 
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contains no isoleucine, but the isoleucine content of erythro- 
cuprein is 4.3 per cent. Other notable differences are in the 
glutamic acid, glycine, alanine, and tyrosine content. 


SUMMARY 


1. A modified procedure for preparation of human erythro- 
cuprein which permits handling larger quantities of material is 
described. 

2. Erythrocuprein contains 16.53 per cent N, 1.05 per cent 
S, and no P. The amino acid composition of erythrocuprein 
has been determined. The most striking features are the ab- 
sence of methionine, the low tyrosine content, and the presence 
of hexose, hexosamine, and sialic acid. The molecular weight 
computed from the amino acid composition is 33,180. The 
calculated partial specific volume is 0.718. 

3. The electrophoretic pattern of erythrocuprein exhibits a 
minor inhomogeneity at pH 5.03 and 6.85. The protein is 
monodisperse in the ultracentrifuge. 

4. The molecular weight of erythrocuprein calculated from 
sedimentation-diffusion measurements is 28,000 + 2,000 which 
is in fair agreement with the values calculated by other methods. 
Possible reasons for this discrepancy are discussed. 
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Glutamic aspartic transaminase has previously been partially 
purified from pig heart by classical methods of salt and alcohol 
fractionation, heat denaturation of impurities, and adsorption 
(2-7). Purified preparations obtained by salt fractionation 
and heating are inactive unless incubated with either pyridoxal 
phosphate (4) or pyridoxamine phosphate (8). Both the re- 
activated enzyme and that prepared by alcohol fractionation 
are stable to dialysis. This suggests that the native enzyme 
contains tightly bound vitamin Bes. It has been postulated 
that heating and salt fractionation should be avoided for the 
preparation of the unresolved holoenzyme (5). 

Resolution is avoided in the present study by the use of 
maleate and a-ketoglutarate to stabilize the enzyme during 
the heat denaturation of impurities. A further modification 
is the chromatography on hydroxyl apatite. The preparation 
yields a single chromoprotein 80 to 85 per cent pure, molecular 
weight 110,000 + 11,000, containing 2 molecules of tightly 
bound pyridoxal phosphate per molecule of protein. 

Some general properties of the glutamic aspartic transamina- 
tion system were investigated with this purified enzyme. The 
transaminase has been assayed by spectrophotometric measure- 
ments of the enol form of oxaloacetate which is in equilibrium 
(9) with the keto form produced in the reaction between as- 
partate and a-ketoglutarate (10, 11). Continuous recording 
of the optical density during the first thirty seconds of the re- 
action, together with an empirical equation to describe the 
initial course of the reaction, made possible an accurate deter- 
mination of the initial velocity. 


ASSAY METHODS 


Oxaloacetate formed in the transamination from aspartate 
to a-ketoglutarate was measured spectroscopically at 280 muy. 
Both methods employed are modifications of previous spectro- 
photometric assays (2, 4, 12, 13) and are based on the observa- 
tion that the equation for a reversible first-order reaction de- 
scribes the initial course of reaction to a first approximation 
(14). Under the conditions of both assays, the light absorption 
is proportional to the amount of oxaloacetate produced (13). 
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Ethicon, Incorporated, and a National Science Foundation Pre- 
doctoral Fellowship to one of the authors (W. T. J.). This work 
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The equation may therefore be written in the form: 


kt = —In (1 — D,/D)) (1) 


where D, and D, are the absorbancies at time ¢ and after equi- 
librium has been reached; k is the empirical reaction constant. 
Differentiation of the above equation shows that k is directly 
proportional to V;, the true initial velocity, when D, = 0. The 
velocity V; measured at time ¢ is then: 


d(D,)/dt = = kD.’ — D./D. = Vill — D./D.) (2) 

The reaction was started by the addition of 0.1 ml. of enzyme 
with an “adder-mixer”’ (15); the cuvettes, which were maintained 
at 37° with Beckman thermospacers, contained 20 umoles of 
both L-aspartate (Schwarz) and a-ketoglutarate (California 
Foundation) together with 200 uwmoles of Tris-HCl buffer,! 
pH 8.3 in a total volume of 3 ml. The course of the reaction 
was indicated by a tracing on a Brown recorder, model 153 x 
17 V-X-30 (Minneapolis Honeywell), coupled to a Beckman 
model DU spectrophotometer through a Beckman energy record- 
ing adapter (No. 5800). This procedure permits a continuous 
recording to be made of the course of the reaction within 5 
seconds after mixing. 

Protein concentrations were determined by the biuret method 
of Mokrasch and MeGilvery (16), bovine serum albumin being 
used to obtain the standard curve. If necessary, the solutions 
were clarified before reading by extraction with 2 ml. of ether. 
Specific activities are expressed as enzyme units per mg. of 
protein. 

Method I—Inspection of the above empirical Equation 1 
shows that a plot of log 1 — (D./D.) or log(D,. — D:) against 
time yields a straight line whose slope (—k) is proportional 
to the enzyme concentration (Fig. 1), since k is proportional 
to the initial velocity. This slope is independent of the ab- 
sorbancy index of oxaloacetate and is not affected by errors 
in the determination of time or absorbancy at the start of the 
reaction. The optical density of the reaction mixture at equi- 
librium is independent of the amount of enzyme used, if a cor- 
rection is made for the absorption due to the enzyme itself. 
Under conditions of high enzyme concentration, errors due to 
the decomposition of oxaloacetate are minimized. Although the 
reactions have proceeded almost to equilibrium, the experimental 
curves are nearly linear. One unit was taken to be that amount 


1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Fic. 1. Assay Method I: (a, upper) The course of the reaction 
plotted as a reversible first order reaction. (D, — D,), the differ- 
ence between the absorbancy when the reaction has reached 
equilibrium and that at time ¢. Each vessel contained 20 umoles 
of a-ketoglutarate, 20 uwmoles of L-aspartate, 200 umoles Tris 
HCl buffer, pH 8.3, in a final volume of 3 ml. (6, lower) Velocity 
constant as a function of enzyme concentration. The points 
are averages of three determinations. 


of enzyme which would give a half life of 41.7 seconds (i.e. 
k = 1 min.~). 
Method IJ]—Equation 2 may be rearranged in the form: 


W/V, = (E/V + (D2/D,) (3) 


The velocity, V., was taken as the slope of the best straight line 
through the points between 10 and 30 seconds on a plot of ab- 
sorbancy against time. This corresponds closely to the velocity 
at 20 seconds. An amount of enzyme is used so that the term 
(1/V)(D./D. is small (D,/D, < 0.1) and may be considered 
constant.? 


The reciprocal of the measured velocity, 1/V., when plotted © 


against the reciprocal of the amount of enzyme, 1/E, gives a 
straight line (17) with slope proportional to the reciprocal of 
the enzymatic activity, V,/E. The intercept on the 1/V;, axis 
varies with the substrate concentration in a regular manner 
since D,/V, may be assumed to be constant, and D, is propor- 
tional to the molar concentrations of aspartate and a-keto- 
glutarate (S) initially present (Fig. 2a). 

The velocity is related to the concentration of the two sub- 
strates (S) by a Michaelis-Menten type equation. In a Line- 
weaver-Burk form, this may be expressed: 


/Vinsx.) (S + Km) 
The value of K,, was found (Fig. 2b) to be 0.0039 m in good 
Actually, = t(/1 — D./D, - 4(D,./D,)? = 2(D,/D,)*). 
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Fic. 2. Assay Method II: (a, upper) V;¢, increase in absorbancy 
per min., measured 20 seconds after the reaction is initiated. 
E, volume of enzyme used. The slope of the plot of 1/V, against 
1/E equals E/V,;; where V;/E is the theoretical initial velocity 
per ml. of enzyme. Equal concentrations of a-ketoglutarate and 
L-aspartate were used as shown on the curves. All contained 
0.067 m Tris HCl buffer, pH 8.3. (b, lower) Lineweaver-Burk 
plot of the data of Fig. 2a. 


agreement with that calculated from the data of Nisonoff and 
Barnes (17). 

In general, assay Method II is preferable to Method I. One 
unit of activity is defined as that amount of enzyme which would 
give a calculated initial velocity of one absorbancy unit per 
minute in the above standard assay. Triplicate determinations 
at each of three enzyme levels were made routinely. 

Purification—20 pounds of fresh pig hearts were trimmed 
free of the auricles and fat, and minced in a Hobart meat grinder. 
Minced ventricles in 400 ml. portions were dispersed for 30 
seconds in a Waring Blendor containing 600 ml. of 0.05 m male- 
ate buffer, pH 6.0, 0.005 m ethylenedinitrylotetraacetate. The 
resulting homogenate, stirred in a 30-1. stainless steel beaker, 
was heated in a steam-jacketed water bath maintained at 82° 
until the temperature reached 75° (10 minutes). It was found 
that the addition of 200 ml. of 0.04 m a-ketoglutarate when the 
temperature reached 65° gave an appreciable increase in yield 
and specific activity. The homogenate was maintained at this 
temperature for 20 minutes. It was then cooled to 5° and the 
heat-denatured protein was removed by centrifugation for 0.5 
hour at 5430 x g in an 8-l. Stock refrigerated centrifuge. 

The enzyme was precipitated by ammonium sulfate in the 
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fraction between 50 and 67 per cent saturation. The addition 
of 312 gm. of ammonium sulfate to each liter of the supernatant 
solution from the previous heating step precipitated residual 
globulins. The solution was stirred for 10 minutes and centri- 
fuged at 5430 x g for 0.75 hour. The enzyme in the super- 
natant solution was then precipitated by the addition of a 
further 117 gm. of ammonium sulfate to each liter and collected 
by centrifugation for 1.5 hours at 5430 x g. The precipitates 
from two 5-l. batches were dissolved in 50 ml. of potassium 
maleate buffer, 0.3 m, pH 6.0, and dialyzed overnight in a rock- 
ing dialyzer against a continual flow of deionized water at 4°. 

Chromatography on Hydroxyl Apatite—The dialyzed enzyme 
was clarified by centrifugation and 2 m potassium phosphate 
buffer, pH 6.8, was added to give a final concentration of 0.02 
mu. The calcium phosphate used for chromatography is a granu- 
lar form of hydroxyl apatite which is made by treating brushite 
with alkali (18). The 40- by 4.5-cm. columns were packed wet 
and allowed to settle under gravity. The enzyme solution in 
0.02 m phosphate buffer was added to the top of the column and 
stirred into the top portion of apatite so that the bulk of the 
protein was adsorbed. The column was developed with 200 ml. 
of 0.04 m phosphate buffer, pH 6.8. The enzyme, which then 
appeared as a yellow band below an orange band of impurities, 
was eluted with 0.08 m phosphate buffer, pH 6.8. It can be 
seen from Fig. 3 that the bulk of the enzyme came off in one 
peak. 

The fractions containing the enzyme were collected and re- 
precipitated with ammonium sulfate between 60 and 67 per 
cent saturation, in the presence of ketoglutarate. 0.04 m keto- 
glutarate was added to give a final concentration of 0.0025 m. 
Ammonium sulfate was added slowly until the first permanent 
precipitate is formed (330 to 400 gm. per |.). This precipitate 
is discarded and the enzyme in the supernatant solution pre- 
cipitated by the addition of a further 55 gm. of ammonium 
sulfate per liter of solution. The precipitate was then taken 
up in a small volume of 0.3 M maleate buffer, pH 6.0, and 0.04 
mM a-ketoglutarate and dialyzed for 36 hours against three 
changes of water. The product exhibits a symmetrical ab- 
sorption maximum at 362 my, pH 8.5, indicating that the en- 
zyme is completely in the pyridoxal form (17). Table I sum- 
marizes a typical enzyme preparation. Preparation D, which 
was made by a slightly modified procedure, had a specific 
activity of 33.2 units per mg. of protein. 


PROPERTIES OF PURIFIED ENZYME 


Molecular Weight—Sedimentation analyses were performed 
on Spinco ultracentrifuges equipped with Wolter phaseplates 
and continuous temperature monitoring devices of cither the 
radiation (19) or the thermistor types. Operating temperatures 
were 19 to 23° and results were reduced to 20° in water. The 
partial specific volume, V, of the enzyme was assumed to be 
0.745. 

The sedimentation coefficient of the active component was 
determined by the separation cell technique of Yphantis and 
Waugh (20). At a protein concentration of 9.8 mg. per ml. of 
Preparation A in 0.15 m Tris,’ pH 8.0, the reduced sedimenta- 
tion coefficient, seo,,, of the active component as determined 
by enzymatic assay was 5.45 + 0.38 (1S = 107" sec.). The 
activity recovered from the cell was 96 + 4 per cent. In the 


3 All Tris solutions were brought to pH by addition of HCl. 
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Fic. 3. Elution pattern of partially purified enzyme from a 
column of hydroxyl apatite 40 XK 4.5 ems. The enzyme was 
eluted with 0.08 m phosphate buffer, pH 6.8. The arrow indicates 
the fractions which were pooled. 


TABLE I 
Purification of glutamic aspartic transaminase 


| 


| 


> 
Volume Sue | So | units | Wield 
_ x2 
= 
units 
| % 


Original heated homog- | 


10,400 6.00 1.6662,500100 1 
Ist ammonium § sulfate, | | | 
50-67 per cent......... | 148 379 


Pooled column eluate 227: 26.1 50,300 81 
2nd ammonium sulfate... | 28.21080 31.1 


* This figure was low due to anerror. Recoveries for this step 


have been consistently 90 per cent. 


same run, aN S20,6 = 5.39 + 0.06 5 was observed for the major 
component with the standard schlieren technique. Hence the 
transaminase activity may be identified with the major com- 
ponent of the preparation. 

Sedimentation coefficients obtained for the various prepara- 
tions are presented in Table II. The data for the various 
solutions at pH 8.0 yield s,,, = 5.5 S when extrapolated to 
zero concentration. 

Preparation D was run at a concentration of 12.6 mg. per 
ml. in 0.15 m Tris, pH 8.0, at 50,740 r.p.m. in a double channel 
cell and in a synthetic boundary cell at low speed. The meas- 
ured schlieren areas gave, after correction for sectoral dilution, 
an estimate of 81 + 3 per cent for the amount of the major 
component, and 4 + | per cent for a light component (S ~ 4); 
the remainder of the preparation probably consisted of rapidly 
sedimenting polydisperse components. An apparent diffusion 
coefficient (21) was calculated for the main component from 
the height and area (after correcting for the s ~ 4 component). 
Over the time interval 2035 to 7075 sec. this apparent diffusion 
coefficient was = (4.6 + 0.1) K 10-7 seem. 

Molecular weights were determined by the Archibald method 
as outlined by Klainer and Kegeles (22, 23) and by Ginsburg 
et al. (24), with use of two-dimensional microcomparators for 
plate measurement. At speeds of 5000 to 6000 r.p.m., Prep- 
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II 
Sedimentation coefficients of glutamic aspartic transaminase 
Protein 
Prepa- 
ath Description S, S20,w 
mg./ml. 
A 9.8 )5.39 + 0.06 
5.45 + 0.3* 
Phosphate, = 0.18, pH 7.0....| 10.0 | 5.54 + 0.01 
Phosphate, ['/2 = 0.18, pH 7.0....; 1.85 5.47 + 0.04 
B 8.0 | 5.34 + 0.02 
3.0 | 5.45 + 0.02 
C 0.15 Mm Tris + 0.17 mM NaCl, pH 8.0..; 10.0 | 5.25 + 0.01 
10.0 | 5.27 + 0.03 
0.15 m Tris, + 0.04 mM a-ketoglu- 
12.3 | 5.27 + 0.02 
* Based on enzyme assay of separation cell fractions. 
TaBLeE III 
Molecular weights of preparation D 
Molecular weight ‘Molecular | 
X 10-4 extra- | 1073 extra- Traut- 
polated to initial polated to zero man 
concentration at _ultracentrifu- plots 
meniscus gation time 
Solutions 
12.3 mg./ml. in 0.15 M | | 
Tris + 0.04 M a-keto- | | | 
glutarate, pH 8.0........ 103 110 112 99 99 103 103 |107 
+3434 34 34 34 24 34 3 
8.8 mg./ml. in 0.15 m Tris + 
0.15 m NaCl, pH 8.0....,103 ‘116 115 101 101 107 105 111 


arations B, C, and D in 0.15 m Tris, pH 8.0, gave values of 
134,000 + 11,000, 114,000 + 10,000, and 116,000 + 5,000 
respectively for the molecular weights at the meniscus extra- 
polated according to the Trautman plot (25). 

Ehrenberg’s modification of the Archibald method (26) was 
used to examine Preparation D in 0.15 m Tris plus 0.04 m keto- 
glutarate, pH 8.0, at a concentration of 12.3 mg. per ml. at 
12,590 r.p.m. The concentrations given by the synthetic 
boundary cell run at first decreased rapidly with time and then 
leveled off to a more gradual decrease corresponding to s ~ 6. 
The initial decrease was probably caused by the sedimentation 
of polydisperse aggregates. Plates were measured for the 
initial period during which the gradient at the meniscus seemed 
linear and for the period when the “peak” was at the meniscus 
and the plateau was still present. Molecular weights were 
calculated in three ways: (a) according to the procedure of 
Ehrenberg, (6) according to the usual Archibald method with 
the initial synthetic boundary cell areas, and (c) according to 
the Archibald method, correcting the initial synthetic boundary 
cell values for the presence of the polydisperse sedimentable 
component by extrapolating the latter part of the synthetic 
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boundary cell run to zero time. The results are presented in 
Table III along with those of a similar run on Preparation D ata 
concentration of 8.8 mg. per ml. in 0.15 m Tris and 0.15 m NaCl, 
pH 8. The results have been extrapolated to meniscus con- 
centrations equal to the original concentrations and to zero 
ultracentrifugation time. The values obtained for the Trautman 
plots (25), with and without correction for the polydisperse 
sedimentable components, are also included. Direct averages 
of the results calculated according to Ehrenberg (Method a) 
are 96,000 + 2000 and 99,000 + 2000, and calculated according 
to the corrected Archibald method (Method c) are 97,000 + 
6000 and 103,000 + 4000. 

All the extrapolations agree in fixing a value of 107,000 + 
9000 for the weight average molecular weight of the components 
s ~4ands ~ 5.3. Using a composition of 4.7 per cent of the 
s ~ 4 and 95.3 per cent of the s ~ 5.3 components, and assum- 
ing that the molecular weight of the s ~ 4 component is less 
than 80,000, the molecular weight of the s ~ 5.3 component is 
110,000 + 11,000. The molecular weight calculated from 
= 4.6 + 0.1 10-7 cm? and 82,~ = 5.24 + 0.02 
S for Preparation D at a protein concentration of 12.6 mg. per 
ml., is 108,000 + 3000. From the infinite dilution sedimenta- 
tion coefficient s,,,, = 5.5 S, from a molecular weight of 110,000 
and from V = 0.745, a value of 1.4 is calculated for f/fo, the 
frictional coefficient ratio. If one assumes a hydration of 0.5 
ml. of H.O per ml. of protein, the axial ratio of the enzyme, 
considered as a prolate ellipsoid, is 4.6. 

The pyridoxal phosphate content of Preparation D was found 
to be < 14.7 umole per gm. dry weight from the optical density 
in alkali and > 13.4 umole per gm. dry weight by isolation of 
the 2,4-dinitrophenylhydrazone (27). Assuming that the prep- 
aration was 81 + 3 per cent pure and that all the pyridoxal 
phosphate was associated with the enzyme, the minimum 
molecular weight was calculated to be 57,800 + 3000. The 
chemically determined molecular weight is therefore 116,000 + 
6000 for the enzyme with two molecules of pyridoxal phosphate. 

Electrophoresis—Electrophoresis at two pH values showed that 
the preparation contained three components. The _ slowest 
component (11 per cent) was not resolved at pH 8.6 even after 
10 hours. All three components were resolved in 0.03 M maleate 
buffer, pH 6.05, in 3 hours. Photographs taken with a 436 mp 
filter show only those boundaries which are above the enzyme 
since the enzyme in maleate absorbs strongly at 436 my. Such 
photographs showed unequivocally that the principal com- 
ponent (80 per cent) was the enzyme and that both the fastest 
(11 per cent) and slowest (9 per cent) components were im- 
purities. The mobilities, in Veronal '/2 = 0.1, pH 8.6, and 
in 0.03 mM potassium maleate, pH 6.05, were 4.45 x 10-5 and 
4.2 per volt per sec. respectively (4). 

pH Optimum—Since the ultraviolet absorption of oxaloacetate 
is dependent on pH (28), the variation of enzymatic activity 
with pH was studied with Assay Method I. It can be seen 
from Fig. 4 that the activity of the enzyme decreases below 
pH 8.0. The assay is unsatisfactory above pH 8.5 because of 
extensive breakdown of oxaloacetate to pyruvate. Since the 
enzyme is stable, and the substrates do not ionize throughout 
this pH range, the variation in activity must be due to the 
ionization of some group(s) on the enzyme. 

Enzyme Spectra—The most striking feature of the enzyme is 
its behavior as a pH indicator, which changes from a bright 
yellow (Amax. = 430 my) to colorless (Amax. = 362 my) with 
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Fig. 4. Variation of activity with pH. Assay Method I was 
used. XX, phosphate buffers, ['/2 = 0.6; O, 0.067 m Tris HCl. 
All vessels initially contained 20 uwmoles of aspartate and a-keto- 
glutarate in a volume of 3 ml. 


TABLE IV 
Interaction of enzyme with dicarboxylic acids 


% 

0.04 1.01 0 

0.07 1.07 0 

0.07 1.06 0 

Ketoglutarate.............. 0.42 0.76 

Oxaloacetate............... 0.34 0.76 

a-Methyl aspartate......... 0.41 0.64 35 

a-Methyl glutamate........ 0.06 1.01 0 


* 5 umole aspartic acid, 20 umole ketoglutarate, 350 umole phos- 
phate buffer, pH 6.3, volume 3 ml. : 


increasing pH. Above pH 12, the solution turns yellow again 
because of the liberation of pyridoxal phosphate from the 
denatured enzyme (1). A sharp isosbestic point is obtained. 
This observation suggests that the yellow color is caused by 
the addition of a single proton to the chromophore of the en- 
zyme (Fig. 5a). It is deduced that the active form of the en- 
zyme is the colorless anionic form which exists at high pH. A 
pK of 6.3 for the enzyme was calculated from a study of its 
absorption maxima in buffer solutions of different pH values 
(Fig. 5b) (29). 

Interaction with Dicarboxylic Acids—In the presence of certain 
dicarboxylic acids such as maleate, the spectra are modified 
because of an interaction with the enzyme which results in an 
apparent increase in the pK indicated by the color change. 
The interaction with maleate and with other dicarboxylic acids 
may be studied at pH 8.0 where very little of the free enzyme 
exists in the yellow protonated form. The dicarboxylic acids 
were adjusted to pH 8.0 with NaOH and used in a final con- 
centration of 0.04 m (0.08 m for racemic compounds) in 0.1 m 
Tris-HCl buffer, pH 8.0. The optical densities at 435 and 363 
mu shown in Table IV were taken from spectra recorded by a 
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Fic. 5. Variation in enzymatic absorption spectra with pH. 
(a, upper) Typical spectra showing the isosbestic point. (6, 
lower) pK of the chromophore from absorption at 362 mu and 
430 mu. The following buffers were used: 0.1 mM acetate, pH 4.6 
to 5.3; 0.1 Mm phosphate, pH 5.6 to 7.7; 0.1 m Tris HCl, pH 8.2; 
0.1 M carbonate, pH 9 to 10.7. 


Cary spectrophotometer against appropriate blanks without 
the enzyme. The interaction of the enzyme with certain of 
the dicarboxylic acids, which is clearly shown by the decrease in 
absorption at 362 my and the increase at 435 my caused by 
complex formation, seems to depend solely on the orientation 
and distance between the two carboxyl groups. The complex 
readily dissociates when the dicarboxylic acid is removed by 
dialysis. The fact that maleate reacts very strongly, whereas 
fumarate is refractory, defines the required configuration within 
narrow limits. This specificity is further defined by the fact 
that a-methyl-pL-glutamate, p-glutamate, and p-aspartate do 
not react either as substrates or inhibitors. a-Methyl-p1- 
aspartate,‘ on the other hand, showed a reactivity similar to 
that of succinate. Only the dicarboxylic-a-amino acids cor- 
responding to succinate, glutarate, and adipate combine with 
the enzyme. The reaction of the dicarboxylic acids with the 
enzyme differs from that with the substrates in requiring an 
additional proton. 


dicarboxylic acid™ + enzyme + H* s complex (inactive) 


The fact that such a complex is formed is supported by the 
observation that the same dicarboxylic acids which interact 
with the enzyme also inhibit the transamination reaction to 
the same degree at pH 6.3 (Table IV). Inhibition is much less 


*A gift from Dr. H. A. Harris of Merck and Company, Inc. 
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Fic. 6. Stability of the enzyme to ten-minute heating periods. 
(a, upper) 0.067 m Tris HCl, pH 8.3; X, 0.01 M aspartate; O, 0.01 m 
a-ketoglutarate; A, ‘‘pyridoxal’’ enzyme alone. (b, lower) Pro- 


tection of the enzyme with maleate against denaturation at 80°. 


><, 0.15 m maleate buffers; O, 0.48 m phosphate buffers contain- 
ing 0.15 m disodium maleate; @, 0.2 m imidazole buffers. 


at pH 8.5. Maleate characteristically forms a complex with 
an absorption maximum at a slightly higher wavelength and 
greater absorbance than the protonated enzyme. 

Stability to Heat—Fig. 6a shows that the enzyme is less stable 
to heat in the presence of aspartate but more stable in the 
presence of ketoglutarate. As shown in Fig. 68, in the presence 
of maleate the enzyme is stabilized considerably over a wide 
pH range. To a lesser degree than maleate, Tris and acetate 
buffers also stabilize the enzyme to heat. 


DISCUSSION 


During transamination, the rate of the reaction rapidly de- 
creases. . This is caused not only by the reverse reaction between 
the products glutamate and oxaloacetate, but also by com- 
petition of glutamate with aspartate in the transamination with 
a-ketoglutarate (30). The apparent velocity which is measured 
at time ¢ is thus lower than the true initial velocity. The error 
increases as the equilibrium of the reaction is approached. It 
depends on any factor which will affect either this equilibrium 
or the equilibrium between the keto and enol forms of oxalo- 
acetate. The analysis of the initial phase of the transamina- 
tion shows that the reported nonlinear relationship between the 
initial velocity and the enzyme concentration arises from this 
systematic error in determining the initial velocity. The two 
new assay methods which avoid this difficulty demonstrate 
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how an equation that approximately describes the course of the 
reaction may be used to measure quantitatively the enzymatic 
activity under a variety of reaction conditions. 

Although inhibition of transamination by dicarboxylic acids 
has often been reported (14, 31-34), the present spectroscopic 
studies characterize the enzyme-inhibitor complexes. The high 
specificity of this type of inhibition suggests that the inhibitor 
is combining with the same groups which normally combine 
with the substrate. The fact that the dicarboxylic acids inhibit 
only under the same acid conditions at which they produce 
maximal spectral changes of the enzyme suggests that a proton 
is required for the formation of the complex between the enzyme 
and the dicarboxylic acid inhibitors. Since a-ketoglutarate 
belongs to this class, it reacts in acid solution both as an inhibitor 
and substrate. As a result, the pH activity curve shifts toward 
alkaline values with increase in ketoglutarate concentration. 
Inhibition by keto acid substrates in other transamination 
systems also has been observed. 

The fact that a-methylaspartate but not a-methylglutamate 
reacts with the enzyme may explain the data on the inhibition 
of growth of Lactobacillus mesenteroides reported by Roberts 
and Hunter (35). 

Inactivation of the enzyme may be caused either by denatur- 
ation of the protein or by dissociation of the prosthetic group. 
Mason (36) has shown that the kynurenine transaminase of 
rat kidney is readily inactivated. Pyridoxal phosphate and 
pyridoxamine phosphate reactivated this enzyme. The in- 
activation could be prevented by ketoglutarate, presumptive 
evidence for the greater lability of a pyridoxamine enzyme. 
Although high temperature inactivation of the glutamic aspartic 
transaminase could not be reversed by incubation with pyridoxal 
phosphate, loss of the prosthetic group prior to denaturation 
cannot be excluded since pyridoxal phosphate is liberated. 

The spectral maxima at 362 my and 430 my have been inter- 
preted on the assumption that the pyridoxal phosphate is bound 
to the enzyme not only through the phosphate but also through 
an aldehydic Schiff base with an amino group on the enzyme 
(1). Participation of the aldehyde group in binding to the 
apoenzyme would explain the relative stability of the pyridoxal 
enzyme, and is supported by the experiments of Bonavita and 
Seardi (37). 


SUMMARY 


Glutamic aspartic transaminase has been prepared from pig 
heart in a state of purity of 80 to 85 per cent as indicated by 
ultracentrifugation, electrophoresis, and spectroscopic studies. 
The enzyme, as prepared, contains two residues of tightly 
bound pyridoxal phosphate per molecule of molecular weight 
110,000 + 11,000. This molecular weight was determined by 
several independent methods which gave values in good agree- 
ment. 

The enzyme behaves as a typical pH indicator, changing 
from bright yellow in solutions below pH 7 to colorless at pH 8. 
The protonated enzyme forms a complex with certain dicar- 
boxylic acids which inhibit its catalytic action strongly. These 
dicarboxylic acids, which also protect the enzyme from heat 
denaturation, are analogues of the substrates. The spectro- 
photometric assay based on the formation of oxaloacetate was 
modified to make possible the measurement of the true initial 
velocity even at different pH values. Aspartate causes a marked 
increase and ketoglutarate a decrease in the heat lability of the 
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enzyme. 


of the enzyme. 


These data support the hypothesis that the postulated 
“pyridoxal” form is more stable than the “pyridoxamine”’ form 
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Among the products obtained upon the digestion of Achilles 
tendon collagen of cattle by the extracellular enzymes of Clostrid- 
ium histolyticum are two peptides which give characteristic 
spots on paper chromatograms and seem to be present in sig- 
nificant quantities (1, 2). The isolation and identification of 
these peptides were undertaken in an effort to gain additional 
information regarding the amino acid sequence of collagen. 

Much of the present knowledge concerning the arrangement 
of the amino acid residues in collagen is derived from the study 
of peptides obtained by partial acidic or partial basic hydrolysis 
of collagen or gelatin (3-9). These studies have resulted in 
the isolation and identification of a large number of di- and tri- 
peptides. However, in most cases the yields were quite low. 
An investigation of a tryptic digest of procollagen has given some 
information as to the distribution of glycine, the imino acids, 
the acidic amino acids, and the basic amino acids (10). These 
studies, together with structural information obtained from 
x-ray diffraction studies (11), have shown that the structure of 
collagen is much more complex than the simple repeating 
sequence structures originally proposed by Bergmann (12) and 
Astbury (13). 


EXPERIMENTAL 


Preparation of Enzyme—The enzyme used in this study was 
prepared from C. histolyticum strain CHT, from the stock 
collection of this laboratory. The stock culture medium, 
medium for enzyme production, and filtration of the culture 
have been described previously (14, 15). The enzyme was 
prepared by methanol precipitation as described by Ogle and 
Tytell (16) with the following modifications. Before the pre- 
cipitation step, the filtrate was dialyzed in a rocking dialyzer 
against running cold tap water for 24 hours. The water extract 
of the precipitate was lyophilized and stored in a desiccator over 
anhydrous calcium sulfate (Drierite). 

Preparation of Collagen—The collagen was prepared from 
Achilles tendons of cattle as described by Neuman (17). 

Preparation of Collagen Digests—Samples of collagen, 500 mg. 
each, in 20 ml. of distilled water were incubated at 37° for 16 
hours with five times the quantity of enzyme necessary to give 
complete solution of the collagen at that time. This amount of 
enzyme and incubation time produced a high yield of the peptides 
under consideration as indicated by paper chromatographic 
estimation. The collagen nitrogen of the digests was determined 
by a micro-Kjeldahl procedure (18). Fig. 1 shows the ascending 
chromatogram of the digest using as the solvent ethanol-water- 


* Taken in part from a dissertation for the degree of Doctor of 
Philosophy to be presented by Ralph Ek. Schrohenloher to the 
Graduate School of the University of Cincinnati. 

+ Fellow of the Charles Fleischmann Endowment. 


ammonia (80:20:1). The spots were located by spraying with 
0.2 per cent ninhydrin in water-saturated n-butanol followed by 
drying in an oven at 100° for 10 minutes. The peptides with 
which this study is concerned give intense yellow spots at 
Rp’s 0.53 and 0.43. These will be referred to as Peptide A and 
Peptide B respectively. 

Isolation of Peptides—The collagen digest was passed through 
a 2.5 X 35 cm. column of Amberlite IRC-50 (Rohm and Haas) 
in the hydrogen cycle and eluted with distilled water at the 
rate of 20 ml. per hour until the effluent was ninhydrin negative. 
The eluate was evaporated at 40° to a volume of 20 ml. It 
contained all of Peptides A and B and showed a chromatographic 
pattern similar to the original digest except for materials with 
Ry values lower than that of glycine. 

The basic materials remaining on the column accounted for 
more than 50 per cent of the dry weight of the original collagen. 
The column was washed with 0.1 N HCl and water in order to 
recover the basic fraction and regenerate the column. Treat- 
ment of this fraction with enzyme did not produce additional 
amounts of Peptides A and B. 

Columns (2.5 * 100 cm.) of Dowex 50-X4 (200 to 400 mesh) 
in the sodium cycle, prepared by a procedure similar to that of 
Moore and Stein (19), were equilibrated with sodium phosphate 
buffer, 0.2 N in respect to Na at pH 3.1, and operated at room 
temperature with phosphate buffer of constant Na concentra- 
tion. 

The use of phosphate buffer instead of the citrate-acetate 
buffer (19) permitted the progress of the fractionation to be 
followed by direct paper chromatography of the fractions 
without prior desalting, using the ethanol, water, and ammonia 
solvent. The paper chromatograms obtained with fractions 
from the columns differed from those from desalted fractions 
only in that they showed a purple salt spot at the origin. 

The water eluate from the Amberlite IRC-50 column was 
adjusted to pH 2 and passed on to the column at a rate of 20 
ml. per hour. The column was then eluted with pH 3.1 buffer 
at the same rate and 10 ml. fractions were collected until the 
material giving the purple spots on the paper chromatogram 
identified as glycine (Rp 0.33) and alanine (Rp 0.47) (Fig. 1) 
were recovered. This elution required 1.5 1. of buffer. The pH 
of the eluent was then gradually increased by running 0.2 m 
NaH2PO, into a 500-ml. mixing chamber, similar to that de- 
scribed by Moore and Stein (19), previously filled with buffer, 
pH 3.1. When 1.5 to 2 1. of this solution had passed through 


the column, Peptide B was recovered. Following this zone, 
several unidentified peptides were recovered and then Peptide 
A was eluted, in most cases chromatographically pure. 
Chromatograms of the first fractions containing Peptide B 
By repeated 


showed the purple spot at Rp 0.68 (Fig. 1). 
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fractionation on Dowex 50-X4 columns (2.5 & 50 cm.) using 
the same technique, Peptide B was recovered chromatograph- 
ically pure. 

Desalting Procedure—Although the desalting procedure of 
Dréze et al. (20) was successfully applied in this work to prevent 
salt interference in paper chromatography of various amino 
acid solutions, it was not effective in the separation of salts from 
Peptides A and B. <A procedure based in part on ion exclusion 
(21, 22) was found applicable for this purpose. 

A 1.7 X 7.5 em. column of Dowex 50-X4 (200 to 400 mesh) 
in the sodium cycle was washed with 0.2 n NaOH and then 
with distilled water until free from alkali. 2 ml. of peptide 
solution adjusted to pH 7 were put on the column. The column 
was eluted with water and 1- to 2-ml. samples were collected 
every 5 minutes until 20 samples were obtained. The salts 
passed through the column before the peptides and were or- 
dinarily separated from them by several salt-free tubes. The 
column was re-used after washing with water. This procedure 
has also been successfully applied to the separation of sodium 
phosphate and sodium citrate-acetate buffers from amino acids. 
Peptide solutions for identification of amino acids but not those 
used for structural studies were desalted. 

Amino Acid Analysis—Peptide solutions were hydrolyzed in 
6 x HCl in an autoclave in capped test tubes at 121° for 6 to 8 
hours and repeatedly evaporated to dryness to remove most of 
the HCI. 

Frequent amino acid identifications necessary during this 
work were accomplished by unidirectional ascending paper 
chromatography using two solvent systems, ethanol-water- 
ammonia (80:20:1) and water-saturated phenol at 25° in an 
atmosphere in equilibrium with 0.05 N ammonium hydroxide. 
For identification of spots, 0.2 per cent ninhydrin in water- 
saturated butanol was used, and the ninhydrin and isatin spray 
of Kolor and Roberts (23) was also found very useful because of 
its sensitivity to proline and hydroxyproline. 

The amino acid contents of the most highly purified fractions 
of Peptides A and B were determined by ion exchange chroma- 
tography of the hydrolyzed peptides. Alanine and glycine were 
determined by the procedures of Moore and Stein (19, 24) 
except that sodium phosphate was used as the eluent of the 
Dowex 50-X4 columns 1 X 100 cm. The colors were read with 
an Evelyn colorimeter (Rubicon Company) using a No. 565 
filter. 

From fractions of the same column hydroxyproline was 
determined by Procedure A and proline by Procedure B. of 
Piez et al. (25). The color formed with proline was found to 
vary with the buffer and its concentration. Consequently 
comparisons of color from all column fractions were made 
against the color produced simultaneously from standard amino 
acid solutions prepared with the buffer contained in the fraction 
to be tested. Average recoveries and standard deviations (5 
determinations) using samples containing the amino acids in 
approximately the same quantities as in the samples of hy- 


' drolysates analyzed were: alanine, 102 + 3 per cent; glycine, 


104 + 5 per cent; hydroxyproline, 97 + 2 per cent; and proline, 


' 96 + 2 per cent. 


Estimation of Peptides—-The total amounts of Peptides A and 
B were determined from the combined chromatographically pure 
fractions from columns operated to obtain maximum yields of 
these peptides. The proline and hydroxyproline contents of 
hydrolysates of these fractions were determined by the specific 
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0.8 - 
(purple) 
0.6 - 

(purple) 
0.5 - Peptide A (yellow) 

Alanine (purple 
0.4 - Peptide B ( yellow) 
0.3 - C3 Glycine (purple) 
0.2 - 

(purple streak) 

0.1 - 
0.0 


Fic. 1. Diagram of the prominent spots on the chromatogram 
of a collagen digest produced by the extracellular enzymes of 
Clostridium histolyticum. The solvent was ethanol-water-am- 
monia (80:20:1), and the spots were located with ninhydrin. 


methods of Troll and Lindsley (26) and Neuman and Logan 
(27), respectively. Although the peptide preparations were 
chromatographically pure, the amounts of Peptides A and B as 
calculated from the proline content accounted for 93 per cent 
of the total nitrogen of the preparations. The amount of 
Peptide B as calculated from the hydroxyproline content ac- 
counted for 60 per cent of the total nitrogen of the preparation. 

The amount of Peptide A which was recovered from collagen 
was calculated from the proline value and that of Peptide B 
from the hydroxyproline value to give the minimum values 
indicated by the method. 

Structural Studies—The N-terminal residues and the size of 
the peptides were determined by the DNP' method using the 
preparation and hydrolysis of DNP peptides given by Cowgill 
and Pardee (28). The DNP amino acids recovered from 
hydrolysates of the DNP peptides were identified by comparative 
ascending paper chromatography using both ethanol-water- 
ammonia (80:20:1) and _ isopropanol-ethanol-water-ammonia 
(100:80:20:1) as solvents. The free amino acids were identified 
by the paper chromatographic methods described above. 

The sequence of the peptide was established by the PTC 
method for stepwise degradation from the amino end (29). The 
quantities of the PTH derivatives were estimated using the 
molar extinction coefficients of the various derivatives. The 
identities of the PTH derivatives were established both from 
the identity of the free amino acids recovered upon acid hy- 
drolysis of the PTH derivatives using the paper chromato- 
graphic methods described above and by direct paper chroma- 
tographic identification of the PTH derivatives using Solvent A 
and Solvent B (29) with known PTH derivatives prepared from 
the amino acids as controls. The structures of the peptides 
were also studied by applying the DNP method to that portion 
of each peptide which remained after removal of the N-terminal 
residue by the PTC method and by applying the C-terminal 
method of Turner and Schmerzler (30). 


1The abbreviations used are: DNP, dinitrophenyl; PTC, 
phenylisothiocyanate; and PTH, phenylthiohydantoin. 
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TABLE I 
Results of amino acid analysis of Peptide A 


Each sample of the hydrolysate analyzed contained 3.58 XK 10-6 
gram atoms of nitrogen. The results are expressed in micro- 
moles and in per cent of the sampled nitrogen recovered. 


Alanine Glycine Proline Total recovery 
pmole % pmole % umole % umole % 
1.17 32.6 1.10 30.8 1.12 31.3 | 3.39 | 94.7 
1.17 32.7 1.14 31.8 1.12 31.3 | 3.43 | 95.8 
1.22 34.1 1.22 34.1 1.12 31.3 | 3.56 | 99.4 
1.10 30.7 1.06 29.6 1.12 31.3 | 3.28 | 91.6 


TABLE II 
Results of amino acid analysis of Peptide B 


The samples of hydrolysates analyzed in determinations (1) 
and (3) contained 3.58 X 10-* gram atoms of nitrogen and that 
analyzed in determination (2) contained 3.54 K 10° gram atoms 
of nitrogen. The results are expressed in micromoles and in per 
cent of the sampled nitrogen recovered. 


Deter- 
“es Glycine Hydroxyproline Proline Total recovery 
oO. 
pmole % pmole % umole % pmole % 
1 1.16 | 32.4; 0.93 | 26.0 | 1.19 | 33.2 | 3.28 | 91.6 
2 1.21 | 34.2; 0.95 | 26.8 | 1.10 | 31.1 | 3.26 | 92.1 
3 1.13 | 31.6! 0.93 }; 26.0 | 1.16 | 32.4 | 3.22 | 89.9 
TaBLe III 


Results of stepwise degradation from amino end of 
peptides by phenylisothiocyanate method 


Yield 
Peptide Position Identity 
— Actual | Per cent 
umole pmole 

A N-terminal] Glycine 0.60 0.58 97 
Middle Proline 0.58 0.50 86 
C-terminal Alanine 0.50 

B N-terminal | Glycine 0.78 0.78 100 
Middle Proline 0.78 0.59 76 
C-terminal Hydroxy- 0.59 0.40 68 

proline 


RESULTS AND DISCUSSION 


Paper chromatographic analysis of the acid hydrolysates 
showed Peptide A to be composed of alanine, glycine, and 
proline and Peptide B to be composed of glycine, hydroxy- 
proline, and proline. 

The results of the amino acid analysis of Peptide A are given 
in Table I and those for Peptide B are given in Table II. These 
results showed each peptide to be composed of equimolar parts 
of its constituent amino acids. Control experiments performed 
to account for the somewhat low values for hydroxyproline in 
Peptide B failed to indicate a loss on hydrolysis. The hydroxy- 
proline content of the hydrolysate was not found to decrease 
upon increasing the time of hydrolysis from 8 to 16 hours. Also, 
hydroxyproline was completely recovered from a mixture of 
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glycine, hydroxyproline, proline, and buffer approximating the 
composition of the hydrolysates when this mixture was sub- 
jected to the same conditions of hydrolysis as the peptide. 

The N-terminal studies by the DNP method showed each 
peptide to be a tripeptide with glycine in the N-terminal posi- 
tion. The only materials other than DNP glycine visible in 
the paper chromatograms of the DNP derivative recovered from 
the hydrolysate of each DNP peptide were small amounts of 
materials which appeared to be degradation products formed 
during hydrolysis. No spots corresponding to the DNP deriva- 
tives of the other constituent amino acids could be found in 
either case. No glycine was present among the free amino 
acids recovered from the hydrolysate of the DNP derivative of 
either peptide. The only free amino acids recovered from the 
hydrolysate of the DNP derivative of Peptide A were alanine 
and proline. Those isolated from the DNP derivative of 
Peptide B were hydroxyproline and proline. 

The results of the structural studies by the PTC method for 
stepwise degradation of peptides from the amino end are given 
in Table III. Peptide A was proven to be_glycylprolylalanine 
and Peptide B was proven to be glycylprolylhydroxyproline. 
The N-terminal data for each peptide by the PTC method 
confirm the results obtained from the N-terminal studies by the 
DNP method. The yields obtained were those expected from 
the method (29). The identity of the N-terminal and middle 
position of each peptide was established both by identifying the 
free amino acid liberated from the hydrolysis of the PTH deriva- 
tive and by direct identification of the PTH derivative. The 
C-terminal alanine of Peptide A was not estimated. The C- 
terminal hydroxyproline of Peptide B was estimated by the 
method of Neuman and Logan (27). The identity of the 
C-terminal residue of each peptide was established both before 
and after hydrolysis of the portion of the peptide remaining after 
the first two residues were removed. 

The middle and C-terminal positions of each peptide were 
confirmed by the results obtained from the application of the 
DNP method to the dipeptide which remained «after the N- 
terminal glycine was removed from each peptide by the PTC 
method. Paper chromatograms of the DNP amino acid de- 
rivatives isolated from each peptide showed no spots corre- 
sponding to any of the possible amino acids except proline. Small 
amounts of breakdown products, probably resulting from 
destruction of the DNP proline during hydrolysis, were also 
present. A comparatively small amount of free proline was 
found in the hydrolysate of the DNP derivatives of both di- 
peptides, along with free alanine in that derived from Peptide 
A and free hydroxyproline in that derived from Peptide B. 
This proline was formed during the hydrolysis from DNP 
proline (7). The C-terminal position of Peptide A was also 
shown to be alanine by the method of Turner and Schmerzler 
(30). The method could not be applied to Peptide B since the 
reaction does not proceed when proline or hydroxyproline is in 
the C-terminal position (9). 


The amounts of Peptides A and B isolated from two collagen . 
digests, expressed in terms of per cent of collagen nitrogen 
recovered as the particular peptide, are for A (Gly. Pro. Ala) 5.1, ; 


5.5 and for B (Gly. Pro.Hypro) 4.7, 5.8. The per cent of the 
total amount in collagen of each amino acid respectively rep- 
resented by the peptides are A, glycine 7, proline 20, and alanine 
23, and B, glycine 7, proline 20, and hydroxyproline 23 based 
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on the nitrogen and amino acid content of the collagen used 
(17, 27). 

The sequence Gly.Pro.Hypro has been postulated as an 
important order of amino acids in collagen (7) and it as well as 
Gly.Pro.Ala are possible sequences as indicated by x-ray 
analysis (11). Both of these peptides, Gly.Pro.Hypro and 
Gly.Pro.Ala, have been isolated from partial hydrolysates of 
gelatin (7) or steer hide collagen (9) in amounts which account 
for 0.4 to 1.3 per cent of the proline content of the protein. The 
dipeptide Gly. Pro has been isolated in significant amounts from 
partial hydrolysates of gelatin (7). 

The results of this study indicate that the sequence Gly. Pro 
represents a minimum of 14 per cent of the glycine and 40 per 
cent of the proline content of the collagen. Of the amount of 


R. E. Schrohenloher, J. D. Ogle, and M. A. Logan 


61 


Gly.Pro accounted for by this study about half occurs as 
Gly. Pro.Hypro and half as Gly. Pro. Ala. 


SUMMARY 


1. Two tripeptides identified as glycylprolylalanine and 
glycylprolylhydroxyproline were isolated from an enzymatic 
digest of collagen. Together these peptides accounted for about 
10 per cent of the nitrogen, 23 per cent of the alanine, 14 per 
cent of the glycine, 23 per cent of the hydroxyproline, and 40 
per cent of the proline content of the collagen. 

2. A simple column procedure based in part on ion exclusion 
for the desalting of peptide and amino acid solutions is de- 
scribed. 
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Thrombin-Induced Formation of Co-Fibrin 


I. ISOLATION, PURIFICATION, AND CHARACTERIZATION OF CO-FIBRIN* 
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(Received for publication, August 20, 1958) 


One of the most vital reactions of protein biochemistry is the 
thrombin-catalyzed conversion of fibrinogen to fibrin. The 
conditions of pH and ionic strength of plasma cause fibrin ag- 
gregation thus completing the final step of the blood clotting 
sequence. Evidence has been presented that the thrombin- 
catalyzed clot formation is diphasic, 7.e. an enzymatic reaction 
followed by polymerization (2). It has been suggested that 
the role of thrombin is to effect slight alterations, probably 
through a limited proteolysis, on the fibrinogen molecules, 
involving primarily the removal of acidic groups (3). Later 
investigations showed that during the thrombin-catalyzed con- 
version of fibrinogen to fibrin, N-terminal glutamic acid residues 
were lost in fibrinogen and N-terminal glycine residues appeared 
in fibrin (4). Laki (5) and Lorand (6) demonstrated the ap- 
pearance of nonprotein nitrogen in the supernatant solution 
during the clotting of fibrinogen. From the clot supernatant 
solution Lorand (7) obtained acidic peptide material which he 
called “fibrino-peptide.” By means of paper electrophoresis, 
later followed by fractionation on silica gel, Bettelheim and Bailey 
(8) and Bettelheim (9) reported isolation of two acidic peptides 
which they named Peptides A and B. Tentative quantitative 
amino acid analyses of these peptide materials have been re- 
ported (10, 11). 

This report describes in detail the isolation of two acidic pep- 
tides from the clot supernatant solution of bovine fibrinogen by 
means of chromatography upon cellulose ion exchange adsorbers. 
The characterization of these peptides by quantitative amino 
acid analysis, paper electrophoresis, sedimentation and diffusion, 
and selective dialysis is also reported. In order to avoid confu- 
sion with the current nomenclature, 7.e. “‘fibrino-peptide,’’ Pep- 
tides A and B and fibrino-peptides, we have reverted to the no- 
menclature of ‘‘co-fibrin’” (12), since this material appears 
concurrent with fibrin formation. In the accompanying publi- 
cation of this series (13) we are also reporting some investiga- 
tions on the elucidation of the primary structure of the Peptides 
A and B of co-fibrin. 


EXPERIMENTAL AND RESULTS 
Materials 


Bovine fibrinogen (Armour) was purified by the method of 
Laki (14); a product which was 95 to 97 per cent clottable was 


* Presented in part before the 42nd Annual Meeting of the 
American Society of Biological Chemists in Philadelphia, Pennsyl- 
vania, April 14 to 18, 1958 (1). 
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obtained. After purification the protein was dialyzed exhaus- 
tively against multiple changes of 0.1 per cent ammonium ace- 
tate, pH 7.0. 

Bovine thrombin (Parke Davis, Topical) was purified by a 
modification of the technique of Rasmussen (15). 

Cellulose Adsorber—The diethylaminoethy] cellulose (DEAE- 
SF) was prepared from Solka-Floc according to the method of 
Peterson and Sober (16). It was of 230 to 325 mesh and con- 
tained 0.9 mEq. of N per gm. 


Methods 


Preparation of Mixed Peptides—The purified fibrinogen solu- 
tion in 0.1 per cent ammonium acetate was carefully adjusted 
to a concentration of 1 per cent with 0.1 per cent ammonium 
acetate and warmed to 37°. Purified thrombin, to a final con- 
centration of 1 NIH unit per ml., (25) was added. When clotting 
was essentially complete, in approximately 30 minutes, the clot 
liquors were extruded from the mixture by careful pressing or 
filtration. Addition of diisopropyl phosphorofluoridate to the 
fully clotted mixture in concentrations sufficient to stop imme- 
diately thrombin activity resulted in nonprotein nitrogen prod- 
ucts identical to those obtained without addition of this inhibitor. 
The clot liquors were concentrated in a vacuum to a small vol- 
ume at temperatures below 30°. Final traces of protein were 
removed by addition of trichloroacetic acid to a final concentra- 
tion of 7 per cent at 0°. This was followed immediately by quick 
cold liquid-liquid extraction with ether to remove the bulk of 
the trichloroacetic acid and again followed by continuous liquid- 
liquid extraction to remove final traces of the acid. The peptides 
were precipitated from concentrated solution by the addition of 
acetone, final concentration 80 per cent (7) or by means of 
alcohol-ether mixtures (9). The peptide material was centri- 
fuged down, and redissolved in water, and the precipitation was 
repeated. The peptide material was finally dissolved in a small 
volume of water and stored frozen at —10°. Paper electropho- 
resis, described below, was used as a qualitative check during 
the course of all steps of the procedure. 


Chromatography of Peptides 


A column 2.5 X 9.0 cm. was packed with 5 gm. DEAE-SF | 
cellulose adsorber and buffered at pH 6.5 with potassium acetate | 


buffer (0.01 m in acetate) in accordance with the general proce- 
dures outlined by Peterson and Sober (16) and Sober et al. (17).! 


1 The authors wish to thank Drs. H. E. Sober and E. A. Peterson 
of the National Cancer Institute for their generous personal 
assistance during the chromatographic phase of this investigation. 
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Fic. 1. Chromatogram of co-fibrin prepared from 20 gm. of bovine fibrinogen upon DEAE-cellulose adsorbers. 
cates optical densities of 0.1-ml. aliquots of each tube subjected to ninhydrin assay. 


After equilibration of the column at 4°, 2 ml. of the concentrated 
peptide mixtures (35 to 45 mg. per ml.) were placed on the col- 
umn and washed in carefully with three l-ml. portions of equili- 
brating buffer. This and all subsequent operations were per- 
formed at 4°. Best fractionations were obtained by eluting with 
a series of increments of acetate buffers of constant pH and in- 
creasing ionic strength. Elution was carried out at a constant 
flow rate of 15 ml. per hour. 1-ml. samples were collected, 
0.1-ml. portions of which were assayed by quantitative ninhydrin 
and Sakaguchi reactions and spectrophotometric analysis at 260 
my. Fig. | illustrates the results of a typical chromatographic 
run. Peak I, which emerges with the solvent front, gives a 
strong positive ninhydrin reaction but is only faintly Sakaguchi- 
positive. This material is not adsorbed by the cellulose and 
actually consists of a mixture of low molecular weight peptides 
comprising only a small portion of the unfractionated starting 
material.2. The first eluting buffer, pH 4.5, 0.1 m in acetate 
ion, elutes a small ninhydrin-positive fraction which is Sakaguchi- 
negative. This material accounts for a very small. portion of 
the starting material. The next two buffers, 0.2 and 0.4 in 
acetate ion, pH 4.5, elute Peaks [JI and IV, respectively, both 
of which are strongly positive to ninhydrin and Sakaguchi reac- 
tions and comprise the bulk of the nitrogenous material. 


Paper Electrophoresis 


Aliquots of solutions from the four peaks shown in Fig. 1 and 
an aliquot of the unfractionated material were spotted on strips 
of Whatman No. 3 MM filter paper and subjected to paper 
electrophoresis in 0.1 Mm phosphate buffer, pH 7.0. <A plate type 
of apparatus was used which gave excellent separations in 3 to 
3.5 hours at a current of 2.4 ma. per cm. of paper width. Iden- 


? Although the nitrogen content of this material is of low order, 
the large amounts of free amino groups owing to the presence of 
small peptides and free amino acids are responsible for the ob- 
served high ninhydrin value. 


Ordinate indi- 
For details see text. 
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Fig. 2. A drawing of the ninhydrin-developed paper electro- 
phoresis strip showing the resulting fractionation of co-fibrin 
upon DEAE-cellulose adsorbers. Electrophoresis was performed 
for 3.5 hours at 25° in 0.1 M phosphate buffer, pH 7.0, at 2.4 ma 
per em. 


tical results were obtained at 4° and room temperature. After 
paper electrophoresis the papers were air dried and developed 
by lightly spraying one side of the paper with a sensitive Saka- 
guchi reagent’ for location of arginine-containing peptides. The 
entire paper was then dipped into a solution of 0.25 per cent 
ninhydrin in acetone containing 5 per cent acetic acid (volume 
for volume) and color was allowed to develop at room tempera- 
ture. Fig. 2 shows some of these results. 

The material of Peak J, which moves towards the cathode as 
well as the material of Peak 11, which moves off the paper, repre- 
sent the afore-mentioned mixture of low molecular weight pep- 
tides. These materials could be resolved further into multiple 
components by paper chromatography and were not retained by 
a selective dialysis membrane used in dialysis experiments of 
co-fibrin (see below). The bulk of peptide materials are those 


3F. Irreverre, D. Kominz and A., Hayden, to be published. 
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shown in Peaks III and /V, designated A and B, respectively. 
These are the two major components of co-fibrin. Both Pep- 
tides A and B are Sakaguchi-positive. Whereas A gives a nin- 
hydrin reaction on the paper within 15 minutes, the ninhydrin 
reaction for B required 18 to 24 hours for maximal color yield. 
Peptide A is unstable. If the starting spots were applied to 
the paper with excess heat-drying, Peptide A partially split into 
one fast and one slower moving component. The fast compo- 
nent is ninhydrin-positive and Sakaguchi-negative, whereas the 
slower component is ninhydrin-positive and Sakaguchi-positive. 
This reaction is now under detailed study. Peptide B, when 
placed in a solution of 0.5 m HCl and heated in a boiling water 
bath for 20 minutes, displays the increase in absorption at 280 
my attributable presumably to the release of sulfate from tyro- 


sine-O-sulfate, as previously reported (18). After electrophoretic 
ORIGIN 
A 
is is cm 


Fic. 3. A drawing of the ninhydrin-developed paper electro- 
phoresis strip showing the retention of Peptides A and B by se- 
lective dialysis membranes. Electrophoresis performed as_ in 
Fig. 2. 
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identification the materials of the peaks representing the in«li- 
vidual peptide fractions were pooled and concentrated in a 
vacuum at temperatures under 25°. 


Dialysis Experiments 

The preparation of salt-free peptide solutions for use in sub- 
sequent investigations was carried out by dialysis with heat- 
treated membranes of Visking casing prepared so as to retain 
small polypeptide molecules (19). The concentrated peptide 
fractions were dialyzed against exhaustive changes of distilled 
water. It was observed that both of the peptides were retained 
by the membrane for periods up to 80 hours. It was of interest 
to observe the dialysis characteristics of the various fractions 
shown in Fig. 1. Fig. 3 shows the results obtained in such 
experiments. 

It can be seen that the majority of the material corresponding 
to Peaks I and IT (Fig. 1) passes through the membrane and is 
completely removed in 80 hours. The areas corresponding to 
the peptide fractions A and B (Peaks IIT and IV, Fig. 1) are 
retained completely at the end of this period. 


Sedimentation and Diffusion 


Portions of the concentrated, salt-free, separated peptides ob- 
tained from the dialysis experiments were dialyzed as described 
above against 0.4 mM potassium acetate buffer, pH 4.5, for 20 to 
40 hours to assure complete equilibrium. Sedimentation con- 
stants were obtained in a synthetic boundary cell at 59,780 
r.p.m. with a Spinco model FE analytical ultracentrifuge. A 


PEPTIDE-A 


PEPTIDE-B 


Gun 


Fic. 4. Ultracentrifuge schlieren diagrams of Peptides A (0.7 per cent) and B (0.5 per cent) at 8-minute intervals in a synthetic 


boundary cell at 59,780 r.p.m., acetate buffer, pH 6.5, T'/2 = 0.2. 
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can be seen in Fig. 4, the typical sedimentation diagrams show 
no indication of heterogeneity, although this is not a critical 
test when applied to compounds of such low molecular weight. 
Since insufficient material was available for standard free diffu- 
sion measurements, the ultracentrifuge diagrams were utilized 
for determination of the diffusion coefficients by measurement 
of the standard deviation of each curve. Although values ob- 
tained in this way are not ideally reliable and tend to be high 
if any sedimentation heterogeneity is present, the evidence of 
homogeneity from the chromatographic columns allows consider- 
able confidence in the data for these two peptides. The sedi- 
mentation and diffusion values as well as the calculated molecu- 
lar weights determined from the constants are given in Table I. 


Amino Acid Analysis 


Aliquots of Peptides A and B were hydrolyzed for 18 hours in 
5.7 Nn HCl at 105° and subjected to quantitative amino acid 
analysis according to the method of Moore and Stein (20). 
These determinations were performed by Dr. D. R. Kominz of 
this laboratory and the results are given in Table IT. 

These amino acid analyses compare favorably with the recent 
figures published by Blomback (21) with the notable exception 
that threonine is present in Peptide B. The minimal molecular 
weights obtained by amino acid analysis agree remarkably well 
with the molecular weights obtained by sedimentation and dif- 
fusion. 


DISCUSSION 


Rigid physiochemical characterization is essential to establish 
the homogeneity of any protein or peptide which is subsequently 
to be subject to amino acid sequence studies. Although a num- 
ber of reports have appeared concerning the acidic peptide mate- 
rial resulting from the thrombin-catalyzed conversion of fibrino- 
gen to fibrin (4-10, 22), these materials so far have been only 
poorly or partially characterized. The present study was under- 
taken to establish the rigid criteria of purity requisite for struc- 
tural analysis and physiological studies. 

The present studies clearly establish co-fibrin as two acidic 
peptides, designated Peptide A and Peptide B, as well as smaller 
amounts of peptide materials of low molecular weight, probably 
the resultant of secondary proteolytic action. Recently Blom- 
bick and Vestermark (22) reported the fractionation of two 
acidic peptides from the clot liquors of bovine fibrinogen with 
Dowex 50. It is possible that this material is identical to that 
described in the present paper; however, the necessary compara- 
tive chemical and physical data were not reported. 

It is of interest to note that the action of thrombin upon 
fibrinogen is extremely limited; the same patterns of products 
appeared whether or not thrombin was allowed to remain active 
or was inhibited by diiosopropyl phosphorofluoridate after the 
cessation of clotting. From the present data it is not possible 
to determine which of the peptides must be released before 
clotting can ensue. With these considerations in mind, it is, 
however, possible to utilize the present data to clarify certain 
aspects of the fibrinogen-fibrin transformation. 

Blombéack and Yamashina (23) recently reported the forma- 
tion of 4 N-terminal glycine residues in fibrin replacing the 2 
glutamic acid N-terminal residues of fibrinogen. Previous ex- 
periments indicated the release of 3 per cent of the fibrinogen 
molecule in the form of nonprotein nitrogen during the course 
of the thrombin action (6). Taken together these results are 
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TABLE 
Physical constants of Peptides A and B obtained by 
ultracentrifugal analysis 
$e and Dz; are the sedimentation and diffusion values, re- 
spectively, for the given concentrations in 0.4 m potassium ace- 
tate, pH 4.5, at 25.0°. V, the partial specific volume, was calcu- 
lated from the residue volumes for the amino acid analyses given 


in Table II. The molecular weights were calculated from these 
values, correcting for the solvent density (9 = 1.0054). 
Concentration of , , V Molecular 
peptide Dus (calculated) weight 
% 1013 x 107 
Peptide A 
1.4 0.48 
0.7 0.53 
0.7 0.54 21.7 0. 686 2000 
Peptide B 
1.0 0.57 
0.5 0.55 18.8 0.685 2400 
TABLE II 


Amino acid composition of purified Peptides A and B 


Peptide A Peptide B 
Amino acid N as per Minimal N as per Minimal 
cent of total o. of cent of total o. of 
peptide N residues peptide N residues 
Aspartic acid........ 15.2 3 13.5 4 
Threonine........... 5.2 1 3.4 1 
Glutamic acid....... 10.2 2 10.0 3 
8.6 2 7.6 2 
cus 23.7 5 10.7 3 
Alanine.............. 0.3 0 3.2 1 
3.5 1 2.9 
4.7 1 3.6 1 
Phenylalanine. ...... 4.8 1 3.3 1 
0 0 6.2 1 
Aveiaine............. 13.8 1 | 21.4 2 
Amide-NH;.......... 1.6 0 | 4.6 (1) 
Total no. of resi- | 
21 
Minimal molecular | 
weight (calcu- | 
| 1890 2460 


indicative of the rupture of 4 bonds by the thrombin action on 
fibrinogen. ‘This is coupled with the release of products with a 
total molecular weight of about 9000, based on a molecular 
weight for fibrinogen of about 300,000 to 350,000. These values 
are also in close agreement with Mihdlyi’s (24) titration and 
electrophoresis data. These data can be fully satisfied by postu- 
lating the release of two each of the acidic peptides by thrombin 
action on fibrinogen. 

The carboxyl-terminal amino acid residues (C-terminal) of 
both Peptides A and B have been identified in this laboratory 
as arginine (1, 13). It is thus very likely that the peptide 
bonds hydrolyzed in fibrinogen by thrombin are those between 
a bond contributed by arginine and glycine residues. This is in 
accordance with the reported specificity of thrombin for the 
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synthetic substrate tosyl-L-arginine ethyl ester (25). Thrombin 
thus appears to be a “trypsin-like” endopeptidase, specific for 
arginine bonds. Recent studies with diisopropyl phosphoro- 
fluoridate tend to verify further the identification of thrombin 
as a proteolytic enzyme (26). Yet thrombin, according to pres- 
ent experimental data, is highly specific for hydrolyzing only 
certain arginine-glycine bonds, 7.e. those in the N-terminal vicin- 
ity of the fibrinogen molecule. Thrombin does not hydrolyze 
tosyl-L-arginylglycine (27), nor does it hydrolyze to any marked 
extent the arginyl-glycyl bond in the isolated B chain of oxidized 
insulin or in the intact insulin (28). Unpublished experiments 
by the authors have indicated that thrombin was incapable of 
hydrolyzing an arginyl-alanyl bond in glucagon. 

Two conditions may be responsible for this unique specificity 
displayed by thrombin. Either the sequence of the amino acids 
in the immediate vicinity of the peptide bonds hydrolyzed by 
thrombin has some special feature, or perhaps the catalytically 
active site of thrombin may differ from that of trypsin. Possibly 
both conditions prevail. (The action of trypsin upon fibrinogen 
leads to rapid degradation without any clotting.‘) Recently, 
experiments in this laboratory have established that the presum- 
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ably active site of thrombin is indeed similar to that of trypsin 
and chymotrypsin (29). It is thus probable that examination 
of the amino acid sequence of Peptides A and B may offer valu- 
able information in clarification of the specificity of thrombin. 
The results of some of these studies are reported in the accom- 
panying publication (13). 


SUMMARY 


The thrombin-catalyzed conversion of fibrinogen to fibrin is 
accompanied by the release of nonprotein nitrogen material 
(co-fibrin) consisting primarily of two acidic peptides, Peptides 
A and B. The fractions have been separated and purified upon 
cellulose adsorbers and characterized by chemical and physical 
criteria. Peptide A has a molecular weight of 1900, and that 
of Peptide B is 2400. The molecular aspects of the mode of 
action of thrombin upon fibrinogen are discussed. 
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In an accompanying paper (2), the separation, purification, 
amino acid composition, and some kinetic-molecular properties 
of the Peptides A and B of co-fibrin have been described. The 
present communication reports observations on the partial 


amino acid sequences of these two acidic peptides. The data 


were obtained through terminal amino acid analyses and from 
peptide fragments formed by the tryptic and chymotryptic 
digestion of Peptides A and B. 


EXPERIMENTAL 


Materials 


Peptides A and B were prepared as previously outlined (2) 
and were exhaustively dialyzed (2) against distilled water to 
remove all traces of buffer salts. The stock solutions which 
contained 10 to 20 mg. of peptide per ml. were stored frozen at 
—10°. 

Crystalline chymotrypsin (Lot No. 1867, Mann Research. 
Laboratories, Inc.) and trypsin (Lot TR 20-SF, Worthington 
Biochemical Corporation) were stored at 4° as 2.5 mg. per ml. 
stock solutions in 10°% m HCl. Carboxypeptidase A (Lot 
C0564, Worthington Biochemical Corporation) was freshly pre- 
pared daily in the cold as a stock solution of 5 to 7 mg. per ml. 
in 10 per cent LiCl and was treated 1 hour before use with a 
50-fold molar excess of diisopropyl! phosphofluoridate. Carboxy- 
peptidase B was prepared, starting from acetone powders (3), 
immediately before use. The final trypsin-activated stock 
solutions contained 0.5 to 1.0 mg. of enzyme per ml. measured 
as Procarboxypeptidase B protein and were treated with a 
200-fold molar excess of diisopropy! phosphofluoridate to ter- 
minate tryptic action. 


Methods 


Terminal Amino Acid Analyses—The phenylthiohydantoin 
method of Edman (4) was used for amino terminal (.V-terminal) 
amino acid identification and, where applicable, was used 
sequentially. 


Examination of aliquots for carboxyl terminal (C-terminal) 
lysine and arginine followed digestion of a peptide or peptide . 


fraction (2 to 5 mg. per ml.) with Carboxypeptidase B (0.1 


* Presented in part before the 42nd Annual Meeting of the 
American Society of Biological Chemists in Philadelphia, Pennsyl- 
vania, April 14 to 18, 1958 (1). 

t Research Associate, American Dental Association, at the Na- 
tional Institute of Dental Research. 

t From the National Institute of Arthritis and Metabolic Dis- 
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mg. per ml.) for 2 hours at 25° in dilute Tris' buffer, pH 8.0. 
The Carboxypeptidase B digestion was followed by incubation 
at 25°, pH 8.0, with Carboxypeptidase A (0.3 mg. per ml.) at 
a 1 per cent LiCl concentration. Aliquots were removed at 
various times and digestion was stopped by the addition of 
excess Dowex 50 resin (5). After elution from the washed 
resin by NH,OH, the amino acids released from the C-terminal 
positions were identified by two-dimensional paper chroma- 
tography as described below. 

Hydrolysis by Trypsin—Solutions containing 10 to 12 mg. per 
ml. of peptide and 0.5 mg. per ml. of trypsin were incubated at 
25° in dilute Tris buffer at pH 8.0 (enzyme to substrate mole 
ratio, approximately 1:250). After 2 hours these solutions 
were adjusted to pH 3 with HCI heated at 85° for 3 minutes and 
subjected to paper electrophoresis as described below. 

Hydrolysis by Chymotrypsin—Digestions by chymotrypsin (1 
mg. per ml.) were carried out on 10 to 12 mg. per ml. of peptide 
for 2 hours at 37° in dilute Tris buffer, pH 8.0 (enzyme to 
substrate mole ratio, approximately 1:150). Hydrolysis was 
stopped as for trypsin above and the resulting solutions were 
subjected to paper electrophoresis. 

Paper chromatograms were prepared with a two-dimensional 
system (6). The one-dimensional system, 1-butanol, acetic 
acid, and H.O, (4:1:2) with Whatman No. | filter paper was 
used in certain instances. 

Paper electrophoretic separations were carried out at room 
temperature on Whatman No. 3 MM _ paper at pH 7.0 in 0.1 m 
phosphate buffer for 3 to 24 hours, depending upon the degree 
of separation necessary and the number of sheets of paper used. 
A steady current of 2.4 ma. per em. of width of paper for 3.5 
hours, or the current-time equivalent, gave satisfactory separa- 
tions in most cases. 

A 0.5 per cent ninhydrin in acetone reagent was used for the 
location of amino acids and peptide fragments on paper chroma- 
tograms and electrophoresis strips. In certain cases in which 
arginine was a component amino acid in a peptide fragment, a 


Sakaguchi spray? was used for location. 


Acid hydrolysis of fragments obtained as a result of enzymatic 
digestion was carried out at 105° in sealed tubes with 6 x HCl 
for 18 hours. 

Quantitative amino acid analyses of fractions obtained by 
electrophoretic separation of the enzymatic digestion products 
of Peptides A and B were carried out after their elution from 


abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
?F. Irreverre, D. Kominz, and A. Hayden, to be published. 
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glu(asp,,ser,,pro,,gly,)phe Leul thr (g1u,gly,)val.arg 
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Fig. 1. Partial amino acid sequence of Peptide A showing pep- 
tide fragments formed during chymotryptic digestion. 
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AC, AC. 
I 4 

30 15 Ocm 
Fic. 2. Drawing of ninhydrin-developed paper electrophoresis 
strip showing separation of components from chymotryptic diges- 
tion of Peptide A. Electrophoresis was performed for 3.5 hours 
at room temperature on Whatman No. 3 MM filter paper in 0.1 m 


phosphate buffer (pH 7.0) at 2.4 ma. per cm. 


AC. AC 


TABLE I 
Mole ratios of amino acids in Peptide A and Peptide A fragments* 


Fraction 
Amino acid residue 
ACi AC? ACs At 
Aspartic acid....... 3 3 0 0 3 
Threonine........... 0 0 1 1 1 
SSS EEO 2 2 0 0 2 
Glutamic acid....... 1 1 1 2 
2 2 0 0 2 
2 2 3 3 5 
0 0 1 1 1 
NN 0 1 1 0 1 
Phenylalanine....... 1 1 0 0 1 
0 0 1 1 1 
Total number of 
residues......... 11 12 8 7 19 


* All values are within +0.1 of stated figures and were corrected 
to the nearest whole number. 
+ See reference (2). 


electrophoresis strips with water and their acid hydrolysis. <A 
method similar to that described for the separation of cyclic 
imino acids (7) was adopted for these analyses. This procedure 
utilizes a 50 x 0.9-cm. column of Dowex 50-X12 (beads), 30 to 
5O uw, wet size (8), eluted at 12 ml. per hour, and will separate, 
in an overnight run, all the common neutral and acidic amino 
acids except tyrosine and phenylalanine. The basic amino 
acids and ammonia were quantitatively estimated with the use 
of a 30-cm. column of Dowex 50-X12, minus-400 mesh (9).’ 


* The authors are indebted to Dr. K. A. Piez for his advice and 
aid in carrying out these analyses. 
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RESULTS 


Peptide A—The evidence accumulated as a result of the 
present studies on Peptide A is presented in Fig. 1 as a partial 
sequential structure showing the peptide fragments formed as a 
result of chymotryptic digestion. A diagram showing the paper 
electrophoretic separation of these peptide fragments is given 
in Fig. 2, and the mole ratios of the component amino acids in 
each fraction and in Peptide A, as calculated from quantitative 
amino acid analyses, are given in Table I. 

Under the experimental conditions that prevailed, there was 
57 per cent hydrolysis at the leucine carboxyl group and 43 per 
cent hydrolysis at the phenylalanine carboxyl group of Peptide 
A by chymotrypsin. 

Arginine was identified as the C-terminal amino acid in 
Peptide A, fragments AC; and AC, (see Figs. 1 and 2). After 
the liberation of arginine by Carboxypeptidase B, only 1 residue, 
valine, was released by Carboxypeptidase A from the above 
peptide and peptide fragments. 

Phenylalanine, alone and leucine and phenylalanine were 
identified after Carboxypeptidase A action on fragments AC, 
and respectively. 

Glutamic acid was identified as the N-terminal residue in 
Peptide A, fragments AC, and AC2, and threonine and leucine 
were found to be the N-terminal amino acids in AC; and AC, 
respectively. 

There was no hydrolysis of Peptide A by trypsin. This 
might be expected since Peptide A contains no lysine and only 1 
arginine residue, which is in the C-terminal position. 

Peptide B—A partial sequential structure of Peptide B as 
formulated from the present experimental results is presented in 
Fig. 3. Diagrams showing the paper electrophoretic separa- 
tions of the peptide fragments formed during tryptic and chymo- 
tryptic digestion of Peptide B are presented in Figs. 4 and 5, 
respectively, and the mole ratios of the component amino acids 
in each fraction and in Peptide B, as calculated from quantita- 
tive amino acid analyses, are given in Table II. 

Arginine was identified as the C-terminal amino acid in 
Peptide B, fragments BT; and BC, (see Figs. 3 to 5). After 
the release of C-terminal arginine by Carboxypeptidase B, only 
alanine was released from Peptide B by Carboxypeptidase A. 
Although no residue was liberated by Carboxypeptidase A, 
after incubation of BC, with Carboxypeptidase B, alanine, 
glycine, and leucine were released from Carboxypeptidase B- 

Leucine only was liberated from BC, by Carboxypeptidase A. 
No residue, however, was released upon treatment of BT, with 
Carboxypeptidases A and B, separately or in combination. 

No N-terminal amino acid could be detected in Peptide B, 
fragments BT, or BC,;. The N-terminal sequence of BT: was 
identified as valylglycylleucine and that of BC2, as glycyl- 
alanine. 


DISCUSSION 


Present interest in the primary structure of the Peptides A 
and B of cofibrin is stimulated by two important questions. 
(a) What factor or factors of substrate structure may relate to 
the limited specificity of thrombin, and (6) how is fibrinogen 
prepared for polymerization through the release of these pep- 
tides? 

There are two outstanding structural similarities in the two 
peptides: (a) the C-terminal arginine preceded by a group of 
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Fic. 3. Partial amino acid sequence of Peptide B showing peptide fragments formed during tryptic and chymotryptic digestion 
The location of the amide group is unknown at present. T, tryptic-formed peptide fragments; C, chymotryptic-formed peptide frag 


ments. 
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BT. 


15 0 10 cm 


Fig. 4. Drawing of ninhydrin-developed paper electrophoresis 
strip showing separation of components from tryptic digestion of 
Peptide B. Conditions for separation were identical to those 
presented in Fig. 2. 


origin _ 


+ 


15 ‘10 cm 
Fic. 5. Drawing of ninhydrin-developed paper electrophoresis 
strips showing separation of components from chymotryptic di- 
gestion of Peptide B. Conditions for separation were identical to 
those presented in Fig. 2. 


aliphatic, monoamino, monocarboxylic amino acids, and (b) the 
grouping of the majority of negative charges, mainly in the form 
of glutamic and aspartic acid residues, in the vicinity of the 
N-terminus. From these data, it appears likely that a helical 
structure is possible, in both of these peptides, only in the 
vicinity of the bond susceptible to hydrolysis by thrombin, 7.e. 
C-terminal arginine. The presence of a number of dicarboxylic 
acid residues as well as two prolines in the remaining portion of 
each of the two peptides strongly suggests that this portion of 
the structure is randomly oriented in the extended form. The 
high density of negative charges in the vicinity of the V-terminus 
of fibrinogen may prevent close approach of these molecules and 
prevent aggregation before the action of thrombin. 

Furthermore the high density of negative charges and the 
extended configuration in the portion of fibrinogen contributed 
by the peptides may participate in regulating the selective 
hydrolysis of specific bonds by rendering them more accessible 
to the enzyme (thrombin) molecule. This type of mechanism 


TaBLeE II 
Mole ratios of amino acids in Peptide B and Peptide B fraqments* 


Fraction 
Amino acid residue 


BC: | BC: Peptide Bt 


Aspartic acid. ...... 
Threonine........... 
Glutamic acid....... 


Tyrosinef........... 


= 

moO coo occre CSCO CO 


Total number of | 


residues........ 15 
* All values are within +0.1 of stated figures and were corrected 
to the nearest whole number. 
t See reference (2). 
t Present as tyrosine-O-sulfate (10). 


| 
| 
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has been postulated to be responsible for the selective bond-cleav- 
age which occurs during the autocatalytic activation of tryp- 
sinogen (11). 

A report of the V-terminal sequence as glutamylspartylglycine 
for the first 3 residues of Peptide A (12) is compatible with the 
data reported here. 


SUMMARY 


Partial amino acid sequences of Peptides A and B of co-fibrin 
have been formulated and summarized from data obtained from 
peptide degradation by trypsin and chymotrypsin and end group 
analyses of peptides and peptide fragments. 

The possible relationship of peptide structure to thrombin 
specificity and fibrinogen aggregation is discussed. 


Acknowledgments—The technical assistance of Miss Lee Ann 
Evancheck and Miss Emilie N. Smith is gratefully acknowl- 
edged. 
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Reduction of Insulin by Extracts of Rat Liver* 


H. T. NARAHARAT AND Rospertr H. 


From the Department of Medicine, University of Washington School of Medicine, Seattle, Washington 


(Received for publication, August 21, 1958) 


The inactivation of insulin by cysteine and glutathione at 
neutral pH was demonstrated by du Vigneaud et al. (1) and 
Wintersteiner (2). Fraenkel-Conrat and Fraenkel-Conrat (3) 
found that biological inactivation of insulin was complete when 
about one-third of its disulfide linkages had been reduced. 
Lehmann and Schlossmann (4) showed that rabbit muscle 
contained a thermostable, dialyzable constituent, which they 
believed to be GSH or cysteine, that was able to inactivate 
insulin. More recently, Rall and Lehninger (5) disclosed the 
presence in rat liver of an enzyme, glutathione reductase, which 
catalyzes the reduction of GSSG. The reduction of insulin and 
other disulfide compounds by a crude liver preparation to which 
had been added DPN and a hydrogen donor system was described 
by Racker (6). 

It was of interest to investigate further the manner in which 
liver preparations might bring about the reduction of insulin 
in vitro. The present studies suggest that rat liver extracts 
have two enzymatic mechanisms by which they can enhance 
the reduction of insulin by GSH. 


EXPERIMENTAL 


Materials—Amorphous insulin was a gift from Dr. Otto K. 
Behrens of Eli Lilly and Company, and crystalline zinc insulin 
labeled with I’ was purchased from the Abbott Laboratories. 
Oxycel-purified ACTH! was donated by Dr. Stanley W. Hier of 
The Wilson Laboratories, and the disodium salt of EDTA was 
donated by the Bersworth Chemical Company. Crystalline 
egg albumin and bovine plasma albumin were from the Armour 
Laboratories, crystalline trypsin from the Worthington Bio- 
chemical Corporation, and chymotrypsin from the Nutritional 
Biochemicals Corporation. Glutathione of reagent grade was 
a product of the Fisher Scientific Company, and CMB was 
obtained from the Bios Laboratories, Inc. The Sigma Chemical] 
Company was the source of TPN “80,” glucose 6-phosphate 
dehydrogenase, and the barium salt of glucose 6-phosphate. 

GSSG was prepared by the method of Rall and Lehninger (5), 
and chemically reduced TPNH by the procedure of Gutcho and 
Stewart (7). Iodoacetic acid was recrystallized as the potas- 
sium salt before use. 

Liver Extracts—The preparation of extracts was carried out 
at about 5°, and several batches of rat liver acetone powder 
were used. The first batch (Preparation I), which was used for 


* This research was supported by funds granted by the United 
States Public Health Service, the Atomic Energy Commission, 
and E. R. Squibb and Sons. 

+t Research Fellow of the United States Public Health Service 
at the time this work was initiated. 

'The abbreviations used are: ACTH, corticotropin; EDTA, 
ethvlenediaminetetraacetic acid; CMB, p-chloromercuribenzoic 
acid; and Tris, tris(hydroxymethvl)aminomethane. 


most of the experiments, was extracted with 1 ml. of H.O for 
each 50 mg. of powder (cf. 5). After 1 hour of stirring was 
completed, insoluble material was removed by centrifugation 
at 9000 x g for 20 minutes. When dialysis was performed, this 
was carried out against 300 volumes of water for 48 hours, with 
two changes of bath fluid. 

Extraction of the second batch of liver acetone powder 
(Preparation II) was done with 0.01 m glyeylglycine buffer at 
pH 7.4, and the soluble portion was dialyzed against 40 volumes 
of the buffer for 48 hours, with two changes of bath. 

Fractionation studies were carried out on a third batch of 
liver acetone powder which was extracted with 0.02 m Tris 
buffer at pH 7.4. Redistilled 95 per cent ethanol was added 
to achieve a final concentration of 40 per cent, in a bath main- 
tained at —5° (cf. 8). The alcohol precipitate was dissolved 
in 0.01 M potassium citrate of pH 7.0, dialyzed against about 
500 volumes of citrate buffer for 3 hours, and then fractionated 
further by adjusting the pH successively to 6.5, 5.8, and 5.0 with 
0.1 N acetic acid (cf. 8). The alcohol supernatant fraction of 
liver extract was treated with solid ammonium sulfate after 
dialysis for 6 hours, and the material which precipitated be- 
tween 0.5 and 0.6 saturation was collected. The acid and 
ammonium sulfate precipitates were dissolved in 0.1 mM Tris 
of pH 7.4 and dialyzed against about 500 volumes of 0.02 m 
Tris for 48 hours, with 3 changes of bath fluid. 

The protein content of liver fractions was determined with 
the Folin-Ciocalteu reagent (9)? 

Iodoacetate Effect—1.5 ml. of 0.2 mM potassium iodoacetate 
were added to 3 ml. of liver acetone powder extract in a total 
volume of 6 ml. of 0.05 m Tris buffer at pH 7.4. The mixture 
was placed in an ice bath for 20 minutes and then dialyzed 
against 350 volumes of 0.02 m Tris for 48 hours with 3 changes 
of bath fluid, in the cold room. A control portion of liver 
extract was treated similarly, with 0.2 m KCI substituted for the 
potassium iodoacetate. 

Reduction of Insulin—2 mg. of amorphous insulin were 
incubated in an evacuated, nitrogen-flushed Thunberg tube at 
37° with various reactants, to be described subsequently, in 
2.0 ml. of 0.02 m glycylglycine buffer at pH 7.4. Traces of 
oxygen were removed from the nitrogen with the hydrosulfite 
solution recommended by Fieser (10). After a 3-minute equili- 
bration period, the reaction was initiated by mixing the insulin 
with reactants that had been placed in the cap of the tube. 
The reaction was terminated by adding 2 ml. of 10 per cent tri- 
chloroacetic acid. The resultant precipitate was washed 3 
times with 2 ml. of 5 per cent trichloroacetic acid and then was 


?Dr. Yadviga D. Halsey provided helpful suggestions for 
modifying this method to obtain larger final volumes in the color 
reaction. 
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dissolved in 1 ml. of 4.75 m guanidine hydrobromide solution, 
pH 6.5, containing 5 X 10°*m EDTA. 0.1- to 0.4-ml. aliquots 
of the redissolved precipitate were taken for titration of sulf- 
hydryl groups. A control tube was incubated with all reactants 
except insulin, and its sulfhydryl content was subtracted from 
that of the experimental tube in order to determine the amount 
of sulfhydryl groups contributed by the reduction of insulin. 
All incubations were done in duplicate. 

Estimation of Sulfhydryl Groups*—Sulfhydryl groups were 
determined by a modification of the method of Edelhoch et al. 
(11). Anson (12) has described the use of CMB for the estima- 
tion of the sulfhydryl content of egg albumin dissolved and 
denatured in guanidine hydrochloride solution. Guanidine 
hydrobromide was prepared by adding redistilled hydrobromic 
acid to recrystallized guanidine carbonate (Matheson) until a 
pH of 7 was reached. Then 435 mg. of the disodium salt of 
EDTA and 10 gm. of sodium carbonate were added, the volume 
was brought to 324 ml. with HO, and the solution was filtered 
through Whatman No. 42 paper. The final solution was 4.75 m 
with respect to guanidine and 5 X 10-3 mM with respect to EDTA, 
and had a pH of about 9. 

Titrations were carried out in 2 ml. of the guanidine hydro- 
bromide solution which had been chilled on ice. To an aliquot of 
the solution containing the sulfhydryl compound was added 1 
drop of a 5 per cent nitroprusside solution which was kept in a 
blackened, refrigerated tube (13). 0.001 m CMB was added im- 
mediately from a 0.2-ml. burette until the pink color of the 
nitroprusside was extinguished. 

All titrations were carried out at least in duplicate. The 
amount of CMB required was generally in the range of 0.05 to 
0.15 ml., and replicate analyses usually agreed within 0.003 ml. 
of the mean. 

GSSG Reductase—In certain experiments, GSSG reductase 
was assayed by the spectrophotometric method of Racker (8). 
Each cuvette contained 0.1 umole of TPNH, 3.3 umoles of GSSG, 
and 1 mg. of bovine plasma albumin per ml. of 0.05 m potassium 
phosphate buffer, final pH 7.6. The decrease in optical density 
at 340 my in 1 minute, beginning 30 seconds after the addition of 
enzyme to the other reactants, was determined at room tempera- 
ture, in duplicate. 

Degradation of Insulin-I'"—This was assayed in a manner 
similar to that previously described (14). Substrate, consisting 
of a mixture of dialyzed insulin-I"*' (0.5 ue; approximately 0.2 
pg.) and nonlabeled insulin, was incubated in open test tubes with 
liver extract and 1 mg. of bovine plasma albumin in 2 ml. of 0.02 
mM glycylglycine buffer, pH 7.4, at 37°, for a suitable period of 
time. Incubations were carried out in duplicate and were ter- 
minated by the addition of 1 ml. of 2 per cent solution of lyo- 
philized human plasma and trichloroacetic acid to a final con- 
centration of 5 per cent. 


RESULTS 


Evaluation of Titration Conditions—When 0.1 ymole of GSH 
was added to 2 ml. of a guanidine hydrobromide solution of pH 9 
in an ice bath, the sulfhydryl concentration was found to remain 
essentially constant for a period of 30 minutes, if the guanidine 
concentration was above 2.5 m and if EDTA was present in a 
concentration of at least 5 x 10-5m. The sulfhydryl content of 


3 The authors wish to express their appreciation to Dr. Philip 
E. Wilcox for valuable suggestions concerning the titration of 
sulfhydryl groups. 
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insulin that had been reduced with GSH was also stable over a 
30-minute period under these conditions. As an additional pre- 
caution the trichloroacetic acid precipitate of reduced insulin 
was dissolved in guanidine hydrobromide of pH 6.5 on the basis 
of the belief that less autoxidation would occur at this pH. The 
addition of as much as 0.4 ml. of the pH-6.5 guanidine solution 
to 2 ml. of the pH-9 guanidine solution did not affect the titra- 
tion of sulfhydryl groups in the latter medium. 

Titration of 0.025- to 0.4-ml. quantities of GSH _ solutions 
which varied from 10-* to 10-4 m gave values that were directly 
proportional to calculated values. 

Since no standard preparation of reduced insulin was available, 
and since the nitroprusside color formed by various sulfhydry] 
compounds might differ, it was important to determine whether 
GSH could be used as a standard for the titration of other 
substances. The data in Table I indicate that when CMB which 
had been standardized against GSH was used for the titration of 
the sulfhydryl groups of proteins, the results agreed reasonably 
well with the 4 sulfhydryl residues per mole of egg albumin and 
the 0.65 mole of sulfhydryl groups per mole of bovine plasma 
albumin which have been reported by MacDonnell et al. (15) and 
Kolthoff et al. (16), respectively. Titration of cysteine also 
gave a value close to the theoretical one. Therefore, it was 
believed that GSH could also be used as a standard for the 
titration of reduced insulin. 

Since some of the determinations of the sulfhydryl groups of 
reduced insulin were performed in the presence of liver extract 
which contained other sulfhydryl material, it was of interest 
to determine whether one sulfhydryl compound would interfere 
with the titration of another. It was found (Table II) that 
mixtures of sulfhydryl compounds, including insulin that had 
been reduced with GSH, yielded values which agreed well with 
those obtained by separate titration of the compounds. 

Chemical Reduction of Insulin—It was found that trichloro- 
acetic acid effectively stopped the reduction of insulin by GSH 
even in the presence of a 20-fold excess of GSH by weight. After 
incubation with GSH was carried out trichloroacetic acid pre- 
cipitation and three trichloroacetic acid washes of the precipitate 
were found adequate to remove all detectable GSH from the 
reduced insulin. This was judged by the nitroprusside reaction 
of the wash fluid. In order to test the possibility that autoxida- 
tion of sulfhydryl compounds might occur during incubation 
despite the anaerobic conditions used, 8 uwmoles of GSH were 
incubated in 2 ml. of 0.02 m glycylglycine buffer at pH 7.4 for 
8 hours, and then an aliquot of the incubation mixture was 
diluted with an equal volume of 10 per cent trichloroacetic acid. 
No change in the sulfhydryl content of the GSH was demon- 
strable. Nor did the sulfhydryl content of reduced insulin show 
any significant change when the trichloroacetic acid precipitate 
was refrigerated in a stoppered, nitrogen-flushed test tube for 1 
week. Titrations were ordinarily performed within a few hours 
after reduction of the insulin. 

Turbidity usually appeared during the incubation of insulin 
and GSH under conditions at which measurable reduction of 
insulin occurred. A decrease in solubility of insulin with reduc- 
tion at neutral pH has been reported by du Vigneaud et al. (1), 
Miller and Andersson (17), and other investigators. This seems 
to be associated with aggregation of the reduced molecules. 

On the other hand, the possibility that reduction of insulin 
may produce fragments of lower molecular weight has also 
been pointed out (17). If these were more soluble in trichloro- 
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TABLE I 
Titration of sulfhydryl compounds with CMB 
Compound* No. of determi- Moles of SH/mole 
Egg albumin.................. 6 3.8 
Bovine plasma albumin....... 8 0.68 


* The molecular weight of egg albumin was taken as 45,000 and 
that of bovine plasma albumin, as 70,000. 


TABLE II 
Titration of miztures of sulfhydryl compounds with CMB 


umole pmole 

GSH + reduced insulin....... 0.16 0.17 
Bovine plasma albumin + re- 

duced insulin............... 0.15 0.16 
GSH + bovine plasma albu- 

TaBLeE III 


Effect of reduction upon recovery of insulin by 
trichloroacetic acid precipitation 

5 mg. of amorphous insulin were incubated anaerobically with 
50 mg. of GSH in 7.5 ml. of 0.033 m phosphate buffer, pH 7.4, for 
2hours. Insulin was precipitated with trichloroacetic acid in a 
final concentration of 5 per cent, and the precipitate was washed 
3 times with 5 per cent trichloroacetic acid. Nitrogen was deter- 
mined by a semimicro-Kjeldah] method. The experiment was 
done in triplicate. 


4 
Material Nitrogen acid 
mg. 
Insulin incubated without GSH.... 0.684 
Insulin incubated with GSH........ 0.653 


acetic acid, the precipitate might contain only a portion of the 
total sulfhydryl groups formed during the reduction of insulin. 
When insulin was reduced by a large excess of GSH, however, 
the trichloroacetic acid-precipitable nitrogen of the insulin 
decreased by only 4.5 per cent, as shown in Table III. Under 
these conditions about one-third of the disulfide linkages of the 
insulin was reduced. In the following presentation, the sulf- 
hydryl content of trichloroacetic acid-precipitable reduced 
insulin will be taken as a measure of the extent of reduction. 
Theoretically, the complete reduction of 1 mg. of insulin will] 
yield 1 ywmole of cysteine residues if the molecular weight of 
insulin is 6000. 

The rate of reduction of insulin by GSH was markedly in- 
fluenced by the concentration of the latter. At a GSH concen- 
tration of 4 x 10-3 M, which approaches the concentration 
found in rat liver, less than one-twentieth of the disulfide linkages 
of insulin was reduced in 2 hours. 

Reduction of Insulin in Presence of Liver Extract—In confirma- 
tion of the observations of Racker (6), it was found in preliminary 
experiments that insulin could be reduced by a system containing 
rat liver homogenate, DPN, ethanol, and alcohol dehydrogenase 
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TABLE IV 
Reduction of GSSG by liver extract and TPNH system 


1 ymole of GSSG was incubated anaerobically in 2 ml. of 0.02 
M glycylglycine buffer, pH 7.4, with 0.1 ml. of undialyzed or 
dialyzed rat liver extract (Preparation I) and a mixture of com- 
pounds which is referred to as the TPNH system. This TPNH 
system consisted of 0.02 umole of TPN, 10 umoles of glucose 
6-phosphate, 0.2 mg. of glucose 6-phosphate dehydrogenase, 3 
umoles of MgCle, and 40 umoles of nicotinamide. Reactants were 
adjusted to pH 7.4 before use. 


| 
Additions 

GSSG 

min. umole 

Liver extract + TPNH system.......... 10 1.0 
Liver extract + TPNH system.......... 20 1.5 
Liver extract + TPNH system.......... 30 1.6 
Dialyzed liver extract................... 30 0.0 

Dialyzed liver extract.................. 480 0.02 

Dialyzed liver extract + TPNH system. . 30 0.48 


TABLE V 
Reduction of insulin by GSH, liver exztract, and TPNH system 


2 mg. of amorphous insulin were incubated anaerobically in 2 
ml. of 0.02 m glycylglycine buffer at pH 7.4 with other reactants 
in the following amounts: 8 wmoles of GSH or cysteine, and 0.1 
ml. of undialyzed or dialyzed liver Preparation I. Components 
of the TPNH system were the same as in Table IV. GSH or 
liver extract or both were placed in the cap of the Thunberg tube. 


Trichloroacetic 
Additions Incubation 
from insulin 
min. umole 
Liver extract + TPNH system.......... 120 0.05 
GSH + TPNH system.................. 60 0.04 
Liver extract + GSH............. sean. 30 0.15 
Liver extract + GSH + TPNH system. . 10 0.22 
Liver extract + GSH + TPNH system. . 20 0.34 
Liver extract + GSH + TPNH system. . 30 0.45 
Dialyzed liver extract.................. 60 0.0 
Dialyzed liver extract + GSH.......... 60 0.25 
Dialyzed liver extract + cysteine....... 60 0.13 


* Approximate value. 


in phosphate buffer at pH 7.2. GSH was essential when dialyzed 
liver homogenate was used. The reduction of insulin was rela- 
tively slow, however, and only qualitative studies were per- 
formed. 

The observation that GSH was necessary for the enzymatic 
reduction of insulin suggested that GSSG reductase might be 
regenerating GSH which in turn could reduce more insulin. 


| 
J 
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Since the TPN-linked GSSG reductase is apparently more 
active than the DPN-linked system, subsequent experiments 
were carried out with the TPN-linked system described by Rall 
and Lehninger (5). It was found that undialyzed liver extract 
was able to reduce GSSG slightly without the addition of other 
cofactors, but after dialysis for 48 hours it was no longer capable 
of reducing GSSG except in the presence of added TPN, glucose 
6-phosphate, and glucose 6-phosphate dehydrogenase (Table IV). 

Table V shows that the rate of reduction of insulin by GSH 
was also accelerated by the addition of liver extract, TPN, and a 
hydrogen donor system. Liver extract was essential for optimal 
reduction of the insulin. The observation that GSH was neces- 
sary as well suggested that insulin was not reduced directly by 
the GSSG reductase system. This was observed more clearly 
after removal of dialyzable sulfhydryl material from the liver 
extract. Fig. 1 reveals that TPNH could be oxidized by GSSG, 
but not by insulin, in the presence of dialyzed liver extract. 

It was not entirely unexpected that the GSSG reductase 


Oo | 3456789 0 
TIME (MINUTES) 

Fig. 1. Oxidation of TPNH by GSSG and insulin. The cuvette 
contained 0.12 umole of chemically reduced TPNH and 0.6 umole 
of GSSG (@——@®@) or 2.4 mg. of amorphous insulin (A——A) 
which contained about 1.2 wmoles of cystine residues, in 2.9 ml. of 
0.02 m glycylglycine buffer of pH 7.4. 0.1 ml. of dialyzed rat liver 
extract (Preparation I) was added at zerotime. The temperature 


was 27°. 


MMOLE SH FORMED 


20 40 60 80 100 120 
MINUTES 
Fic. 2. Reduction of insulin by GSH in the presence of dia- 
lyzed liver extract. 2 mg. of amorphous insulin were incubated 
in 2 ml. of 0.02 m glycylglycine buffer at pH 7.4 with 8 uwmoles of 
GSH. @, 04 ml. of dialyzed liver (Preparation II) added; x, 
no liver extract added. 
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MMOLE SH FORMED/40 MINUTES 


1 2 4 5 

ML. DIALYZED LIVER EXTRACT 

Fig. 3. Effect of various amounts of dialyzed liver extract 
upon the reduction of insulin by GSH. 2 mg. of amorphous in- 
sulin were incubated in 2 ml. of glycylglycine buffer for 40 minutes 
with 8 uwmoles of GSH, after the addition of various amounts of 
dialyzed liver Preparation II. 0.03 umole, the amount of tri- 
chloroacetic acid-precipitable SH formed in 40 minutes in the 
absence of liver extract, was subtracted from each experimental 
value before it was graphed. 


system should enhance the reduction of insulin by GSH. How- 
ever, in the course of these studies it was also observed that 
dialyzed liver extract, which lacked cofactors necessary for the 
reduction of GSSG, could still enhance the reduction of insulin 
by GSH (Table V). For example, if 0.15 umole of GSSG were 
formed from an initial 8 uymoles of GSH during incubation for 1 
hour with insulin and dialyzed liver extract, it can be calculated 
from the data in Table IV that less than 0.001 umole of GSH 
would be regenerated during this period, and this should not 
alter the rate of reduction of insulin appreciably. 

Fig. 2 illustrates the augmentation of insulin reduction by 
dialyzed liver extract with various intervals of incubation. 
Under the conditions that prevailed, the amount of reduction 
was roughly proportional to the quantity of liver preparation 
added (Fig. 3). This ability of dialyzed liver extract to facili- 
tate the reduction of insulin by GSH was completely abolished 
by exposure to a boiling water bath for 10 minutes. It is not 
likely that the effect of the extract upon insulin reduction is a 
nonspecific catalytic effect of proteins in the liver, because 8 
mg. of bovine plasma albumin or egg albumin had no accelerat- 
ing influence upon this reaction; 0.4 ml. of a dialyzed liver extract 
(Preparation II) contained about 4.5 mg. of protein. These 
observations support the concept that the action of dialyzed 
liver extract in enhancing the reduction of insulin by GSH is an 
enzymatic one. 

Although the reduction of insulin by GSH could be catalyzed 
by a liver extract preparation which had been dialyzed until it 
was no longer able to reduce GSSG effectively, it was desirable 
to see whether the independence of these two reactions could be 
demonstrated in other ways as well. In carrying out fractiona- 
tions of liver extracts along lines similar to those described by 
Racker (8), it was found that the factor which catalyzed the 
reduction of insulin by GSH could be dissociated to some de- 
gree from GSSG reductase activity (Table VI). 

Additional attempts to distinguish these two systems involved 
use of the alkylating agent, iodoacetate. Under the conditions 
chosen, iodoacetate caused approximately 80 per cent extinction 
of the titratable sulfhydryl groups of a liver extract within 20 
minutes at 0°, with little further change in the ensuing hour. 
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TABLE VI 


Insulin-reducing activity and GSSG reductase activity 
of liver extract fractions 

The fractionation of liver extract by acidification of aleohol- 
precipitable material is deseribed in the text. Reduction of 
insulin was studied by incubating 2 mg. of amorphous insulin, 8 
umoles of GSH, and 1 mg. of liver fraction protein in 2 ml. of 
(.02 Mm glyeviglycine buffer, pH 7.4. A correction was applied for 
the effect of GSH alone upon insulin. GSSG reductase was meas- 
ured by the procedure of Racker (8), as outlined under ‘‘Experi- 
mental,’’ with the use of 100 wg. of liver extract protein per ml. 
of reaction mixture. 


Trichloroacetic 


acid-precipitableSH | GSSG-TPNH 


Preparation formed from insulin | reaction, min. 
in 40 min. 
umole | —A0.D. 340 
pH 5.8 precipitate........ | 0.03 | 0.060 
pH 5.0 precipitate........ | 0.10 | 0.007 


Therefore, a 48-hour dialysis of the extract was begun 20 minutes 
after iodoacetate was added, in order to remove excess reagent. 
Treatment with iodoacetate caused approximately 75 per cent 
inhibition of the ability of the dialyzed liver extract to catalyze 
the reduction of insulin by GSH, whereas the reduction of GSSG 
by TPNH was not inhibited (Table VII). 

It was found (Table V) that cysteine was able to reduce 
insulin more effectively than did GSH. This raised the possi- 
bility that hydrolysis of GSH to cysteine (18) might explain the 
accelerated reduction of insulin by GSH in the presence of liver 
extract. This is not likely, however, because the reduction of 
insulin by cysteine plus dialyzed liver extract was less than the 
reduction by an equivalent amount of GSH plus dialyzed liver 
extract (Table V). Furthermore, the data in Series A of Table 
VIII show that when GSH was preincubated with liver extract 
for 1 hour before the addition of insulin, the reduction of insulin 
was no greater than it was with GSH which had not been pre- 
incubated. On the other hand, more insulin was reduced with 
longer periods of incubation when both the extract and GSH 
were present. 

Another possible reason for the enhancement of insulin re- 
duction by GSH in the presence of liver extract was that pro- 
teolytice enzymes (19, 20) disrupted the insulin molecule in a 
way which facilitated subsequent reduction by GSH. This 
explanation was rendered less likely by the finding that pre- 
incubation of insulin with liver extract did not enhance the 
reduction by GSH (Table VIII, Series B). 

The proteolytic activity of liver extract was investigated 
further by use of insulin labeled with I". 0.1 ml. of undialyzed 
liver extract (Preparation I) degraded 2 ug. of labeled insulin 
quite well in glycylglycine buffer at pH 7.4, so that after 30 
minutes of incubation 59 per cent of the radioactive label was 
trichloroacetic acid-soluble. This suggests that the extract did 
indeed possess proteolytic activity (20, 21). However, when the 
conditions prevailing in the reduction experiments were simu- 
lated by the addition of 2 mg. of amorphous insulin carrier, only 
1 per cent of the radioactive label became trichloroacetic acid- 
soluble after 60 minutes of incubation. Although changes in 
insulin-I'! alone may not represent all of the proteolytic proc- 
esses of the extract, the results suggest that only a small portion 
of the insulin was proteolytically degraded under the conditions 
of substrate concentration which prevailed in the reduction 
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TaBLe VII 
Effect of todoacetate upon enzyme functions of liver extract 

Preparation of the extracts is described in the text. Reduction 
of insulin was measured after anaerobic incubation of 2 mg. of 
insulin with 8 wmoles of GSH and liver extract containing 2.1 mg. 
of protein. A correction was made for the amount of insulin 
reduced by GSH alone in 40 minutes. 

GSSG reductase was assaved by the spectrophotometric method 
of Racker (8), as described in the text, with the use of 100 ug. of 
liver extract protein per ml. of reaction mixture. 

Degradation of insulin-I'*! was demonstrated by incubating 4 
ug. of insulin-['*! aerobically with 700 ug. of extract protein, with 
or without the addition of 2 umoles of GSH, in 2 ml. of 0.02 m 
glyeylglveine buffer at pH 7.4. A correction was made for the 
effect of GSH alone upon the trichloroacetic acid solubility of 
insulin-[!3!, 


Trichloroacetic acid- 
soluble radioactivity 
from insulin-I'* in 


Trichloroacetic acid- 
20 min. 


precipitable SH GSSG-TPNH 


Extract reaction 
| — ee | per min. 
| whe 
| pmole —AO.D. 340 | cr, 
Control....... 0.22 0.040 19.8 
lodoacetate | 
treated: _. 0.05 0.039 4.3 9.4 
TaBLeE VIII 


Preincubation of liver extract with GSH or insulin 
2 mg. of amorphous insulin were incubated anaerobically in 2 
ml. of 0.02 m glycylglycine buffer of pH 7.4 with 8 wmoles of GSH 
and 0.1 ml. of liver extract (Preparation I). The Thunberg 
tubes were chilled on ice until preincubation at 37°, and the 
reactants noted in Column 3 below were added from the cap after 
preincubation. 


| Trichloroacetic 
Preincu- | Incuba- acid-precipi- 
Preincubation mixture bation Addition tion table SH 
period | period formed from 
| insulin 
min | | min. umole 
Series A | 
Liver extract + GSH... 60 Insulin) | 0.13 
Liver extract + insu- | | 
Liver extract + insu- | 
Series B | | | 
Liverextract + insulin. | 60 GSH | 2 0.11 
Liver extract + GSH... | 3 Insulin’ 20 | 0.12 
Liver extract + GSH..., Insulin 40 0.20 


studies. The proteolytic activity of liver extracts may be aug- 
mented by GSH, but this increase is slight in the case of freshly 
prepared, undialyzed extracts in which the sulfhydryl groups of 
the liver protein appear to be for the most part in the reduced 
state; incubation of liver extract with 4 x 10-* m GSH for 30 
minutes did not result in the formation of any new trichloroacetic 
acid-precipitable sulfhydryl groups. 

Furthermore, the incubation of 2 mg. of insulin anaerobically 
for 40 minutes at pH 7.4 with 8 uwmoles of GSH in the presence of 
enough trypsin or chymotrypsin to produce approximately 5 per 
cent degradation of 2 mg. of insulin-I! substrate did not increase 
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TABLE IX 
Insulin reduction and insulin-I'*' degradation by liver fractions 


The fractionation of liver extract with ethanol, acetic acid, and 
ammonium sulfate is described under ‘‘Experimental.’’ For the 
reduction of insulin, 2 mg. of amorphous insulin were incubated 
with 8 uwmoles of GSH, plus an aliquot of liver extract fraction 
containing 1 mg. of protein. A correction was made for the 
amount of insulin reduced by GSH alone in 40 minutes. 

Degradation of insulin-I'*! was studied by the method given 
in the text, and involved incubation of 50 ug. of insulin-I*! sub- 
strate mixture aerobically with 1 mg. of extract protein and 1 
mg. of bovine plasma albumin, with or without 2 wmoles of GSH. 
The values in the Table have been corrected for the effect of 
GSH alone upon insulin-I'*!. ACTH was used in a concentration 
of 1 mg. per tube. 


Trichloroacetic acid- 
gai 
Preparation table SH formed 10 min. 
from insulin in 
—e Without | With 
GSH GSH 
pmole % % 
pH 5.0 precipitate of ethanol pre- 
A. §8.* precipitate of ethanol su- , 
pernatant solution............. 0.04 4.8 12.4 
A.S. precipitate of ethanol super- 
natant solution + ACTH...... 3.2 


* A. S. represents ammonium sulfate. 


the rate of reduction of insulin. This indicates, at least, that 
the cleavage of certain peptide bonds to this extent is not suffi- 
cient to facilitate the reduction of insulin by GSH. 

When liver extracts were fractionated, it was found that 
much of the insulin-GSH reduction system could be precipitated, 
along with GSSG reductase, by a 32 per cent concentration of 
alcohol, whereas a fraction soluble in 40 per cent alcohol ex- 
hibited greater ability to degrade insulin-I'*!. This alcohol- 
soluble insulin-I"' degrading system manifested activity even 
after 48 hours of dialysis; it thus differed from the insulin reducing 
system in that it did not absolutely require the presence of added 
GSH (Table IX). On the other hand, the enhancement of 
insulin-I! degradation by the addition of GSH to liver frac- 
tions which had been dialyzed for 48 hours (Table IX), and the 
inhibition of activity by iodoacetate (Table VII) are consonant 
with earlier evidence (22, 21) that enzyme sulfhydryl groups are 
essential for the degradation of insulin-I'' by the nondialyzable 
fraction of rat liver extracts. 

In an experiment designed to investigate further the nature 
of the insulin-I*! degrading system soluble in 40 per cent alcohol, 
it was ascertained that the addition of ACTH in a 20-fold excess 
over insulin by weight caused 74 per cent inhibition of the deg- 
radation of insulin-I" by the liver fraction plus GSH (Table IX). 
If ACTH inhibits the degradation of insulin-I"! by furnishing a 
competitive substrate for a proteolytic enzyme system which 
acts upon insulin (23, 24), then the present results would suggest 
that most of the alcohol-soluble insulin-I"*' degrading system is 
proteolytic in nature. In a control experiment, it was observed 
that ACTH did not depress the rate of degradation of insulin-I!*! 
by GSH. 


Reduction of Insulin by Liver 


Vol. 234, No. 1 


DISCUSSION 


The rate of reduction of insulin by GSH is greatly affected 
by the concentration of GSH. Hence, if a relatively low con- 
centration of GSH, such as that normally found in animal tissues, 
is used for the reduction of insulin, it might be expected that 
the presence of the GSSG reductase system would significantly 
increase the rate of reaction. Such an effect of GSSG reductase 
has been observed in the present experiments when TPNH is 
added. GSSG reductase dees not act directly upon insulin but 
through the regeneration of GSH.  Pihl et al. (25) made similar 
observations in spectrophotometric studies on the oxidation of 
TPNH in the presence of liver extract and various disulfide 
compounds of lower molecular weight. 

In addition, however, it has been shown that rat liver extracts 
can accelerate the reduction of insulin by GSH through another 
factor which appears to be enzymatic because it is heat labile, 
nondialyzable, and does not seem explainable as a nonspecific 
protein effect. It differs from GSSG reductase in that it does 
not require the addition of DPN or TPN after dialysis, and in 
that it is inhibited by iodoacetate. Partial separation from 
GSSG reductase was achieved by acid fractionation of liver 
extract. 

There are two principal ways in which this factor might 
catalyze the reduction of insulin. (a) It is conceivable that a 
proteolytic enzyme could alter the insulin molecule in such a way 
that some of its disulfide linkages would become more readily 
accessible to GSH. No evidence was found to support this 
hypothesis in the present experiments. At least one-third 


of the disulfide linkages of insulin can be reduced rapidly in 


the absence of enzyme if GSH is present in sufficiently high 
concentrations. (6) An enzyme might enhance the transfer of 
hydrogen from GSH to a disulfide bond of insulin in a manner 
similar to that of the GSH-homocystine transhydrogenase which 
was recently described by Racker (26). This possibility was not 
explored directly, and more definitive evaluation would require 
further purification of the enzyme system involved, but such a 
mechanism appears compatible with the results of the present 
studies. j 

The reduction of insulin by GSH and liver extract can, on 
the basis of the data available, be represented by the following 
reactions. 


dialyzed liver enzyme | 


Insulin + 2GSH 
reduced + GSSG 


glutathione reductase _ 


GSSG + TPNH + Ht 
2GSH + TPN* 


The regeneration of GSH from GSSG by TPNH and GSSG 
reductase was more rapid than the reduction of insulin by GSH 
in the presence of the dialyzed liver enzyme, under the conditions 
studied. When the whole reaction mixture containing insulin, 
GSH, liver extract, and enzymatically generated TPNH was 
incubated and then titrated with CMB, there was a net increase 
in the total sulfhydryl content of the system. In essence, then 
TPN and GSH may act as carriers for the transfer of hydrogen 
from donors such as glucose 6-phosphate to the disulfide linkages 
of insulin. 


Lehmann and Schlossmann (4) observed inactivation of insulin — 
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by a dialyzable compound, probably GSH, in muscle. Lens 
and Neutelings (27) have expressed the opinion that reduction 
of insulin could be produced by GSH, in the concentrations 
present in animal tissues, at a physiologically significant rate. 
The demonstration that the reduction of insulin by GSH is 
accelerated by enzymatic factors in liver makes it even more 
reasonable to believe that this process could contribute to the 
inactivation of insulin in the body. 

Since it has been shown previously (21) that insulin-I™ in 
dilute solutions can be rendered soluble in trichloroacetic acid toa 
limited extent by incubation with GSH, it is possible that this 
reaction might be enhanced by the enzymatic factors of liver 
which augment the reduction of insulin by GSH. In view of 
this consideration, it is of interest to note that GSSG reductase 
and the other enzyme system in liver which accelerated the 
reduction of insulin by GSH (as measured by the formation of 
protein-bound sulfhydryl groups) could be separated from 
another, probably proteolytic, system which was more active 
in the degradation of insulin-I"*'. Thus, the possibility that 
more than one enzyme in liver might participate in the inacti- 
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vation of insulin or the degradation of insulin-I'** should be 
brought to bear upon any evaluation of the nature of such 
phenomena. 


SUMMARY 


The reduction of insulin by glutathione (GSH) has been shown 
to be enhanced by two separate enzyme systems of rat liver. 
The triphosphopyridine nucleotide (TPN)-linked oxidized 
glutathione reductase system is one of these; it does not act 
directly upon insulin, but regenerates GSH that has been 
oxidized by insulin. The other enzyme system does not require 
TPN and appears to act directly upon insulin. Of the several 
possibilities considered, the data obtained seem most compatible 
with the hypothesis that the second enzyme system catalyzes the 
transfer of hydrogen from GSH to insulin. 


Acknowledgment—The authors are indebted to Mrs. Kathleen 
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In 1949 Stetten (1) reported that hydroxyproline administered 
orally to rats was incorporated very poorly into carcass proteins. 
Moreover, bound hydroxyproline has been shown to be derived 
from proline (2). These observations have led to the general 
belief that hydroxyproline occurring in body proteins is derived 
from peptide or protein-bound proline and not from free hydroxy- 
proline. Recently, data supporting Stetten’s findings and 
extending these observations to hydroxylysine have been reported 
by several laboratories (3-5). 

In animals, hydroxyproline is found almost exclusively in 
collagen. Since the rates of synthesis and turnover of collagen 
are greater in young animals (6), it was of interest to determine 
whether the incorporation of free hydroxyproline could be 
demonstrated in a rapidly developing chick embryo. Accord- 
ingly, labeled proline and hydroxyproline were administered to 
chick embryos, and a comparison of their relative contribution to 
collagen hydroxyproline was made. The present report shows 
that bound hydroxyproline can be derived from free hydroxy- 
proline in the chick embryo. 


EXPERIMENTAL 


Materials—Uniformly labeled t-proline-C™ (specific activity, 
8.9 we. per umole) was purchased from the Nuclear-Chicago 
Corporation. Hydroxy-p1-proline-2-C™ (specific activity, 0.19 
uc. per umole) was prepared by the method of Gaudry and Godin 
(7), starting with diethyl malonate-2-C", The overall yield 
for the first crop of hydroxy-p.L-proline isomer was 2.5 per cent. 
Both of these imino acids were checked for purity by paper 
chromatographic techniques followed by  radioautography. 
The chick embryos (Leghorn stock, Elder strain) used were 11- 
to 13-days-old. 

Methods—Proline was assayed colorimetrically by the method 
of Troll and Lindsley (8) and hydroxyproline by the method of 
Neuman and Logan (9). Both imino acids were located on 
paper chromatograms by spraying with an isatin solution (10). 

Compounds were administered to a chick embryo by injection 
with the appropriate solutions, into the air space of the egg 
through a small opening in the shell. The hole was sealed with 
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American Societies for Experimental Biology at Philadelphia, 
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adhesive tape and the egg was reincubated. After 24 hours the 
embryo was homogenized in 10 to 15 ml. of water containing 
100 mg. of unlabeled imino acid as the carrier, and collagenous 
protein was extracted by the method of Lowry et al. (11). To 
insure the removal of all adhering radioactive amino acids, the 
acetone-precipitated protein was dissolved in water and dialyzed 
against running water overnight in a cold room. ‘This was 
followed by dialysis against distilled water for 8 hours. The 
protein was precipitated again with acetone, dried, and hydro- 
lyzed for 16 hours in an autoclave at 18 to 20 pounds of pressure. 
5 to 10 volumes of saturated barium hydroxide solution were 
used routinely for protein hydrolysis except in a few instances 
discussed below. 7 

The hydrolysate was neutralized with H.SO,, and proline and 
hydroxyproline were separated by passing an aliquot through a 
1 X 10- to 15-cem. Dowex 50 column with 1.5 n HCI as theeluent. 
Proline and hydroxyproline were purified by streaking each 
fraction on a Whatman No. 3 paper and developing the chromato- 
gram with water-saturated phenol. The compounds were 
eluted from the paper and further purified by repeating the 
procedure with the use of 77 per cent ethanol and acetic acid- 
butanol-water (1:4:5, volume for volume) as the _ solvents. 
Applications of radioautography to chromatograms of proline 
and hydroxyproline which were isolated in this manner showed 
the compounds to be radiochemically pure. 

When the isolation of free proline and hydroxyproline was 
desired, the embryo was homogenized in an 80 per cent ethanol 
solution and the protein was removed by centrifugation. The 
supernatant fluid was concentrated and the imino acids were 
isolated as described above. 100 mg. of carrier imino acid were 
added to the protein which was suspended in 0.1 N NaOH and 
collagen was extracted by the method of Lowry et al. (11). 

The granuloma tissues were obtained by the subcutaneous 
injection of carrageenin in guinea pigs as described by Robertson 
and Schwartz (12). Collagen was extracted from this tissue 
by the method indicated above. 

Radioactivity was measured with a windowless gas flow 
counter having a background of 6 ¢.p.m. The counting time 
was adjusted to give an error of 5 per cent or less. 


RESULTS AND DISCUSSION 


In a representative experiment shown in Table I, uniformly 
labeled t-proline-C“ or was admin- 
istered to 12-day-old chick embryos. As can be seen an apprecia- 
ble amount of the labeled hydroxyproline was incorporated 
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TABLE I 


Incorporation of administered proline and hydrozyproline 
into chick embryo collagen 
L-Proline-C™ (1.6 wmoles) containing 560,000 c.p.m. or hy- 
droxy-DL-proline-C!* (3.1 wmoles) containing 580,000 c.p.m. was 
administered to 12-day-old embryos. After 24 hours, five em- 
bryos from each group were pooled and the collagen was isolated. 
Approximately 50 mg. of gelatin were obtained from each group. 


Isolated collagen Specific activity 
Hyd 
inis 
Amount | Prol yaroxy Hydroxy- 
mg. mg. mg. c.p.m./pmole 
L-Proline-C™....| 33.4 3.5 3.8 861 729 
Hydroxy-DL-pro- 
34.7 | 3.9 3.8 | 12 (22)*| 52 (97)* 


* Figures in parentheses are the corrected values after taking 
into account the lower specific activity of the administered hy- 
droxyproline as compared with that of proline-C'. 


into collagen as bound hydroxyproline. The corrected specific 
activity of the bound hydroxyproline isolated after administering 
labeled hydroxyproline amounted to approximately one-tenth 
that observed after administering labeled proline. Thus, even 
in a rapidly developing chick embryo, proline is a more efficient 
precursor for the bound hydroxyproline. When labeled proline 
was administered, the specific activity of hydroxyproline was 
always nearly equal to that of proline. When labeled hydroxy- 
proline was administered, only a small amount of labeling was 
found in proline, a finding which indicates that the labeled 
bound hydroxyproline was derived from a direct incorporation of 
the administered hydroxyproline with only a small portion being 
derived through indirect routes of hydroxyproline metabolism. 

The following two control experiments show that the “in- 
corporated” hydroxyproline is most probably in peptide linkage. 
(a) When labeled proline or hydroxyproline was added to a 
chick embryo homogenate and collagen was prepared as described 
above, the protein contained no detectable radioactivity. (6) 
4 mg. of hydroxyproline were added to 20 mg. of the collagen 
(containing approximately 2 mg. of hydroxyproline) obtained 
in the experiment with labeled hydroxyproline described in 
Table I. The mixture was subjected to 2,4-dinitrofluorobenzene 
treatment as described by Sanger (13). The collagen was 
reisolated and subjected to extensive dialysis. Bound proline 
and hydroxyproline were then isolated as described under 
“Methods.” The specific activities of the two imino acids were 
10 and 56, respectively, as compared with 12 and 52 shown in 
Table I. Since a direct approach to the problem of whether 
the labeled hydroxyproline in question is peptide-bound is not 
possible because of the low activity of the protein, the data 
mentioned above are taken to indicate that hydroxyproline is in 
peptide linkage. 
In Table II data are presented to show that nearly identical 
results are obtained whether collagen is hydrolyzed in acid or 
in base. Barium hydroxide hydrolysis was used almost exclu- 
sively in the present experiments since such hydrolysates were 
simpler to prepare and handle than were acid hydrolysates. 

In order to establish the nature of the protein extracted from 
chick embryos by the method of Lowry et al. (11), the collagen 
preparations from carrageenin-induced granuloma tissue, chick 
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embryo extract, and a commercial gelatin were compared for 
their proline and hydroxyproline contents. The results shown 
in Table III indicate that the collagen isolated from chick 
embryos is comparable to that of mammalian origin in hydroxy- 
proline content although it is slightly lower in proline content. 

It is of interest that there is a relatively large free hydroxy- 
proline pool (14, 15) in the chick embryo as contrasted to the 
rat (16). As shown in Table IV this pool amounts to about 300 
ug. per embryo. When labeled proline was administered, the 
specific activities of the bound and free proline and hydroxy- 
proline were found to be nearly equal, indicating that equilibra- 
tion of the free and bound imino acids had taken place. When 
labeled hydroxyproline was administered, the specific activity 


TaBLeE II 
Specific activity of bound hydroryproline after acid 
and base hydrolysis of collagen 


Labeled hydroxyproline was administered to two 12-day-old 
embryos as described under Table I. Total collagen obtained 


was 38.4 mg. 
Isolated collagen | Specific activity 
Hydrolysis condition H d 
Amount | Proline | Hydroxy- 
] d Proline | 
meg. meg. meg. c.p.m./pmole 
5ml.of6NHCI.. 11.1 1.2 | 20! 146 
5 ml. of satu- | | 
rated Ba(OH):2.) 13.1 | 1.5 1.5 4360 17 138 
TaB_e III 
Comparison of gelatin from different sources 
| | Hydroxy- Ratio of pro- 
Source hydrolysis | content — 
% | 
Guinea pig granuloma | | 
tissue (average of 5 | | 
Chick embryo (average 
of 6 preparations).... Ba(OH). | 11.7 11.4 1.02 
Knox Gelatin (average | 
of 3 preparations).... 6N HCl 12.4 | 11.4 1.09 
Ba(OH): | 13.2 | 11.1 1.19 
TABLE IV 


Comparison between specific activities of bound and free imino acids 

Labeled proline was administered to three chick embryos as 
described under Table I. The embryos were pooled after 20 
hours and bound and free imino acids were isolated as described 
under ‘‘Methods.”’ 


Specific activity 

Compound 

Bound | Free 
c.p.m./pmole 

Hydroxyproline........... 1130 7 
Free hydroxyproline iso- 
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of the free hydroxyproline was found to be high (17,000 c.p.m. 
per umole) even after 24 hours, probably because of the presence 
of hydroxy-p-proline which may not be as readily metabolized by 
the embryo. The possibility cannot be overlooked that the 
accumulation of the p form may have an inhibitory effect on the 
incorporation of hydroxy-L-proline. Further work is in progress 
to determine the mechanism of hydroxylation of proline and its 
relationship to collagen formation. 


SUMMARY 


It has been shown that in chick embryos an appreciable 
amount of administered hydroxyproline becomes incorporated 
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into protein which is analogous to mammalian collagen, as judged 
by isolation procedures and content of imino acids. Although 
the specific activity of the bound hydroxyproline after ad- 
ministering labeled hydroxyproline was only one-tenth that 
observed after administering labeled proline, this appeared to 
result from a direct incorporation of the hydroxylated imino 
acid. 


Acknowledgment—The authors are indebted to Dr. Sidney 
Udenfriend for his continued interest and encouragement 
throughout this work. 
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The original identification of indole-3-acetic acid as a growth 
factor for plants was made by Kogl et al. (1) on material iso- 
lated from human urine. The presence of IA’ in human urine 
has been amply verified by many investigators. Previous 
measurements of this substance in urine were determined by 
plant-growth bioassay or paper chromatography, no satisfactory 
chemical method being available. 

To date, an elevated excretion of IA has been reported in two 
clinical conditions. Armstrong and Robinson (2) reported an 
increased IA level in the urine of patients with phenylketonuria. 
Recently, Baron et al. (3) have demonstrated that patients with 
a hereditary syndrome (‘‘H” disease) consisting of a pellagra- 
like skin rash accompanied by intermittent cerebellar ataxia, 
mental deterioration, and renal amino-aciduria, excrete large 
amounts of this indole acid as well as excess amounts of trypto- 
phan, indole-acetvl-glutamine, and indoxy] sulfate. 

From both chemical and physiological standpoints, it is im- 
portant to determine the intermediates involved in the formation 
of IA in animals. The conversion of tryptophan to IA might 
occur through one or more of the following mechanisms: (a) 
the formation of indole pyruvic acid by transamination followed 
by decarboxylation, (b) oxidative deamination by L-amino acid 
oxidase or, (c) decarboxylation to tryptamine followed by oxida- 
tive deamination of the amine. 

This report describes sensitive and specific chemical methods 
for the measurement of IA in urine and tissues. Studies on 
the conversion of tryptophan to IA in vivo and in vitro indicate 
that whereas transamination is the major route, decarboxylation 
to tryptamine occurs to a significant extent. Catalysts for both 
metabolic pathways have been found in tissues and intestinal 
bacterial flora. 


EXPERIMENTAL 


Measurements of IA 


Reagents—The reagents used were CHCl, (reagent grade); 
xanthvdrol reagent, 0.1 per cent xanthydrol in glacial acetic acid 
which was prepared fresh before each determination; and 5 per 
rent sodium bisulfite. 

IA in Urine—4 ml. of urine in a 40-ml. glass-stoppered centri- 
fuge tube were acidified by the addition of 0.36 ml. of 12 n HCI. 
10 ml. of CHCl; were added and the tube was shaken for 5 min- 
utes. After centrifugation 9 ml. of the CHCl; were transferred 
to another 40-ml. glass-stoppered centrifuge tube containing 0.6 


The abbreviation used is: 1A, indole-3-acetic acid. 
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ml. of 0.5 mM phosphate buffer, pH 7.0. The tube was shaken 
for 5 minutes and the CHC, laver was aspirated and discarded. 
An aliquot of the buffer was then assayed colorimetrically by 
the use of a modification of the xanthydrol reaction of Dickman 
and Crockett (4) as follows: 0.4 ml. of the pH 7.0 buffer extract 
was transferred to a test tube containing 0.4 ml. of 12 n HCI; 
1 ml. of the xanthydrol reagent was added, followed 5 minutes 
later by 0.5 ml. of the bisulfite reagent. The solution was 
mixed and the pink color measured within 5 to 10 minutes at 
520 my in a spectrophotometer. Standard and blank solutions 
were treated in the same manner. The recovery of 10 to 40 
ug. of IA added to urine was in the range of 90 to 100 per cent. 

1. Sensitivity. As little as 8 ug. of IA could be detected by 
this procedure. 20 ug. of IA carried through the entire method 
gave an optical density of 0.130. Optical density was propor- 
tional to LA. concentration over the entire range from 8 to 200 

2. Effects of Hydrolysis. Since indoles are stable in alkaline 
solution, basic hydrolysis was attempted first. Hydrolysis 
at 100° in 1 N NaOH (final concentration) resulted in a marked 
increase in color due to acid-extractable indole material. How- 
ever, indole acids other than IA were formed. Acid hydrolysis 
also increased the apparent IA value but in this case the increase 
was shown chromatographically to represent only IA. The 
effect of acid hydrolysis on IA values in urine is shown in Table I. 
A 15-minute period of hydrolysis at 100° in 1 ~ HCl was foun | 
to give optimal results. IA in aqueous solutions was decom- 
posed to a slight extent during acid hydrolysis, whereas IA 
added to urine was not. Addition of a small amount of urine to 
aqueous solutions of IA prevented its destruction. When acid 
hydrolysis was used in the studies presented here, the 40-ml. 
glass-stoppered centrifuge tubes containing 4 ml. of urine and 
0.36 ml. of 12 ~ HCl (see above) were placed in a boiling water 
bath for 15 minutes. After cooling, the urine was assayed by 
the method described above. The results, obtained by this 
over-all procedure will be referred to as total IA. 

3. Specificity. As shown in Fig. 1, the distribution of the 
extracted urinary [A between CHCl; and aqueous solutions of 
various pH values compared well with that of synthetic IA. 
Further identification was obtained by paper chromatography. 
50- to 100-ml. urine samples, both hydrolyzed and unhydro- 
lvzed, were extracted by the procedure outlined above, and 
aliquots of the final buffer were chromatographed on paper. 
Unhydrolyzed urine and acid-hydrolyzed urine gave only one 
positive xanthydrol and Ehrlich spot in the three solvent systems 
tested (Table II). This was identical with IA. Although 
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TABLE [| 
Effect of acid hydrolysis on urinary IA recovery 
4-ml. samples of normal urine were adjusted to a final acidity 
of 1 N and 6N by addition of concentrated HCI and hydrolyzed at 
100° for the time indicated. IA was then measured as described 
in the text. 


Final acidity Time of hydrolysis IA 
min. pg./ml. 
IN 0 6.0 
5 8.8 
10 10.5 
15 10.3 
20 10.5 
30 9.0 
60 7.3 
6N 15 0 
30 0 
60 | 0 
1300 
= T 
I200 


URINARY IA 
co-o AUTHENTIC IA 


OPTICAL DENSITY 


pH 

Fic. 1. Distribution of apparent urinary IA and authentic IA 
between chloroform and aqueous solutions at various pH levels. 
30 ml. of normal urine were acidified and extracted with 45 ml. of 
chloroform; 401 wg. of authentic IA were extracted from aqueous 
solution in a similar manner. 5-ml. aliquots of the chloroform 
were shaken with 0.6 ml. of the following solutions: 0.1 m citrate, 
pH 2.5; acetate, pH 4.8; phosphate, pH 6.0, 7.0, and 8.2; borate, 
pH 10.0, and 0.1 N NaOH. After centrifugation, 0.4 ml. of the 
aqueous phase was assayed by the use of the xanthydrol reaction 
as described in the text. 


indole lactic acid? is also extractable by this procedure, it was not 
detected in extracts of normal urine subjected to paper chro- 
matography. Tryptophan (3 mg.), 5-hydroxyindoleacetic acid 
(1 mg.), and indole (0.1 mg.) were not extracted in this procedure. 

lA Formed Enzymatically—Precise measurement of the 
amounts of IA formed from tryptophan by tissue enzymes 
required a more sensitive procedure than the colorimetric method 
used for urine. Increased sensitivity was obtained by the use 
of a fluorometric assay following protein precipitation and ex- 
traction. Each incubation mixture (3.5 ml.) was transferred 
to a plastic centrifuge tube containing an equal volume of water. 
Proteins were precipitated by the addition of 1 ml. of 10 per 


2 Indole-3-lactic acid was kindly donated by Dr. M. D. Arm- 
strong. 
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TABLE II 
Chromatography of extracted urinary indoles* 


| Benzene. 
_mn-Propanol-1 tert-Butanol- 
i. HAc-H2O (8:1: _ propionic 


Material 


Unhyrolyzed urine | 0.43 0.85 0.70 
Acid-hydrolyzed urine —_—0..48 0.86 0.70 
Base-hydrolyzed urinet | 0.43 
| 0.22 
IA | 0.45 — 0.86 0.70 
Indole lactic acid | 0.45 | 0.70 0.28 


* Ascending chromatography was performed with the use of 
Whatman No. 1 paper. The spray reagents were: 0.1 per cent 
xanthydrol in 95 per cent ethanol containing 5 per cent HCl, 
or 0.5 per cent p-dimethylaminobenzaldehyde in 50 per cent 


ethanol. 
+ Hydrolysis at 100° for 15 minutes in 1 N NaOH. 


cent zine sulfate and 0.5 ml. of 1 N NaOH. After thorough 
mixing, the tubes were centrifuged at high speed (8,000 X g) us- 
ing an angle head centrifuge. An aliquot portion of the protein- 
free filtrate containing 1.0 to 10.0 ug. of IA was transferred to a 
40-ml. glass-stoppered centrifuge tube and acidified by the addi- 
tion of 0.3 ml. of 6N HCl. 15 ml. of CHCl; were added and the 
tube was shaken for 1 to 2 minutes. After centrifugation the 
aqueous layer was removed and discarded. The CHCl3 phase 
was washed by shaking with 10 ml. of 0.1 N HCl, thus removing 
any tryptophan that had been extracted into the CHCl;. 10 
ml. of the CHCl; were then transferred to another 40-ml. glass- 
stoppered shaking tube containing 1.5 ml. of 0.5 mM phosphate 
buffer, pH 7.0. After thorough shaking and centrifugation, the 
CHCl; laver was discarded. The aqueous phase was transferred 
to a cuvette and the fluorescence determined in an Aminco- 
Bowman spectrophotofluorometer (activation wave length, 
285 mu; fluorescence wave length, 365 my). Enzyme blanks, 
standards, and reagent blanks were all treated in the same man- 
ner. IA added to tissue was recovered quantitatively. 

Because of the small amounts of IA formed and the fact that 
tryptophan has similar fluorescence characteristics, it was im- 
portant to determine to what extent tryptophan was extracted 
through the procedure. Extraction of 3 mg. of tryptophan 
showed that less than 0.3 yg. of the amino acid appeared in 
the final extract. 


Urinary Excretion of 1A 


24-hour collections of urine were obtained from a group of 
hospitalized young adult normal volunteers and from a large 
number of patients with various clinical conditions. The IA 
values are summarized in Table III. There was considerable 
individual variation in the excretion of IA. However, the levels 
in the same individual, based on the daily assay of IA in three 
normal subjects for a 2-week period, were fairly constant from 
day to day. Five instances of elevated IA excretion were found 
in this study. Two patients with phenylketonuria were found 
to have high excretions of CHCl;-extractable indole acids 
(20 to 33 mg. per day) which chromatographically were found 
to be primarily indole lactic acid. In the other conditions in 
which high values were found, chromatography showed only IA 
to be present. 

To evaluate the role of intestinal bacteria in the production 
of IA, neomycin (0.5 gm. every 6 hours) in combination with 
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TaBLeE III 
Urinary excretion of IA in man 
IA 
Subjects Number 
Free | Total 
mg./24 hrs. 
Probably normal IA excretion 
Neuromuscular disorder. ...... 21 4.1-12.7 6.6-18.6 
Cardiovascular disease........ 5 7.3-13.2 
Miscellaneous neoplasms .. .. 16 6.1-19.5 
Pheochromocytoma............ 3 1.4-4.0 2.3-6.2 
Carcinoid syndrome........... 2 7, 16.4 14.4, 21.9 
Schizophrenia................. 5 1.6-12.8 5.0-15.5 
Short gastrointestinal tract*.. . 1 2.1 2.4 
High IA excretion 
Neuromuscular disorder....... 3 
Friedreich’s ataxia.......... 15.8-35 32.1-54 
Progressive muscular dys- 
45.5, 48.6 
Amyotrophic lateral sclerosis| 27 .8-35.7 | 53.0-80.3 
Idiopathic sprue. ............. 1 53-67 175-220 


* Only 2 feet of bowel remained between pylorus and rectum 
as a result of radical cancer surgery. 


tetracycline (0.5 gm. every 6 hours) was administered for 7 to 
14 days to one normal subject and to two patients with IA 
in the range of 30 to 80 mg. per day. This produced significant 
decreases in IA excretion, the maximal decrease being about 30 
per cent. The highest excretion of [A encountered in this study 
was in a patient with idiopathic sprue. This patient also had 
undergone intestinal surgery producing an ileocecal bypass. 
Administration of antibiotics resulted in a marked decrease in 
urinary IA from control levels of about 200 mg. per day to 40 
to 50 mg. per day (Fig. 2). The inability to eliminate IA from 
normal urine completely or to reduce elevated levels to the normal 
range with orally administered antibiotics suggested that tissue 
degradation of tryptophan must also be considered as an im- 
portant source of urinary IA. 

Effect of Tryptophan Loading on IA and 5-Hydroxyindole- 
acetic Acid Excretion—It was reported previously (5) that the 
urinary excretion of 5-hydroxyindoleacetic acid in dogs was not 
affected appreciably by the administration of fairly large amounts 
of tryptophan. The effects of oral doses of L-tryptophan (20 
mg. per kg.) on IA and 5-hydroxyindoleacetic acid excretion 
in man are shown in Fig. 3. The slight effect of tryptophan on 
5-hvdroxyindoleacetic acid excretion observed in these studies 
agrees with the earlier results in dogs (5). The excretion of LA, 
on the other hand, was increased markedly for a period of several 
hours after the administration of tryptophan. Nevertheless, 
only a small percentage (about 0.1 per cent) of the administered 
tryptophan could be accounted for by the increased excretion 
of IA. It has been shown that as much as 100 mg. per kg. of 
tryptophan are required to produce a significant increase in 
urinary 5-hydroxyindoleacetic acid in man (6). 


Conversion of Tryptophan to IA in Vitro 


The results of the experiments in vivo suggested that conversion 
of tryptophan to IA was brought about through the action of 
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Fic. 2. Effect of neomycin (0.5 gm. every 6 hours) on total IA 
excretion in a patient with idiopathic sprue. Drug started at A, 
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Fic. 3. Effect of tryptophan loading on the excretion of IA 
and 5-hydroxyindoleacetic acid (SHIAA). Urinary levels of the 
indolic acids were determined for 2-hour periods after the tryp- 
tophan was administered. 


both tissue and bacterial enzymes. The following experiments 
were carried out to explore these suggestions. 

Animal Tissues—Enzyme incubations were carried out in 20- 
ml. beakers at 37° in a Dubnoff metabolic incubator. The 
incubation mixture had a final volume of 3.5 ml., containing 
enzyme, substrate, buffer, and water. Specific details are given 
in the appropriate tables. The high speed supernatant fraction 
from various tissues (1 part of tissue homogenized with 4 parts 
of water and centrifuged at 80,000 * g) was tested for activity 
(Table IV). Guinea pig kidney and liver extracts catalyzed 
IA formation most actively and many other tissues were also 
active. Guinea pig liver was used as the source of enzyme for 
further studies. A preliminary 6- to 10-fold purification was 
obtained by fractional precipitation with ammonium sulfate. 
The protein fraction, precipitated between 35 and 50 per cent 
of ammonium sulfate saturation, contained the major portion of 
enzymatic activity. The optimal pH for IA formation was 8.0 
and maximal activity was obtained when 3 mg. of L-tryptophan 
were present in the standard incubation mixture (final molar 
concentration 4.2  10°-*). As shown in Figs. 4 and 5, IA 
formation was proportional to enzyme concentration and time of 
incubation under the conditions that obtained. 

It seemed probable that indole pyruvic acid was the inter- 
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Fic. 4. IA formation as a function of time. The incubation 
mixture contained 1 ml. of guinea pig liver high speed supernatant 
(equivalent to 333 mg. of wet tissue), 0.5 ml. of 0.5 m phosphate 
buffer, pH 8.0, 3 mg. of L-tryptophan, and H,O to a total volume 
of 3.5 ml. 
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Fic. 5. IA formation as a function of enzyme concentration. 
The incubation beakers contained guinea pig liver high speed 
supernatant (as in Fig. 4); 0.5 ml. of 0.5 m phosphate buffer, pH 
8.0; 3 mg. of L-tryptophan; and H.O to a total volume of 3.5 ml. 
Incubation was for 1 hour. 


mediate in IA formation. Although chromatography of in- 
cubation extracts showed only the presence of IA, the lability 
of indole pyruvic acid would very likely have prevented its 
detection. The following findings are consistent with a trans- 
amination mechanism for the formation of most of the IA shown 
in Table IV. When a-ketoglutarate (1 mg.) or pyridoxal 
phosphate (25 ug.) were added, they each enhanced IA forma- 
tion by 20 to 30 per cent. The pyridoxal phosphate antagonists, 


Indole-3-acetic Acid and Tryptamine 


Vol. 234, No. 1 


TaBLeE IV 
IA formation in various tissues 
High speed supernatant fractions were prepared as described 
in the text. The incubation beakers contained 1 ml. of enzyme, 
0.5 ml. of 0.5 m phosphate buffer, pH 8.0, 3 mg. of L-tryptophan, 
and H.O to a total volume of 3.5 ml. 


Tissue 1A formed 


ug./gm. tissue/hr. 


Guinea pig liver................. 94.8 
Guinea pig kidney.............. 297 .0 
Rabbit kidney. 30.0 


8.4 


L-penicillamine (1 10-3 mM) and semicarbazide (2 X M), 
inhibited [A formation 50 and 100 per cent, respectively. Fur- 
thermore, tryptophan conversion to [A was not appreciably 
diminished by anaerobic conditions. An interesting observation 
was that isopropyl isonicotinyl hydrazine (iproniazid), which 
has been considered a fairly specific monoamine oxidase inhibitor, 
completely abolished IA formation when added in vitro (10-3 m) 
or when previously administered by injection into guinea pigs 
(150 mg. per kg.). Although smaller amounts of tryptamine 
were also formed by these tissues (see below), the complete 
inhibition of IA formation by iproniazid suggested that this 
drug is also an inhibitor of tryptophan transamination in animal 
tissues. 

Some evidence for decarboxylation of tryptophan to tryp- 
tamine in animal tissues has been presented previously (7). 
However, this has never been verified and studies in this labora- 
tory have, in the past, failed to detect such a reaction (8). 
However, since some IA could conceivably be formed through 
such a route, additional experiments were carried out to deter- 
mine whether this actually occurred. Tryptophan-2-C™ (170,000 
c.p.m.) (plus 3 mg. of L-tryptophan) was incubated for 3 hours 
with kidney homogenate (1 gm. of tissue) from rats pretreated 
with iproniazid (150 mg. per kg.). The incubation flask also 
contained 1 mg. of nonisotopic tryptamine, 50 ug. of pyridoxal 
phosphate, and 0.05 m phosphate buffer, pH 7.4, to a total volume 
of 7 ml. At the end of the incubation the contents of the flask 
were transferred to a 60-ml. glass-stoppered bottle containing 
2 ml. of 1 N NaOH and 20 ml. of benzene. After shaking and 
centrifuging, the benzene was transferred to another tube and 
washed three times with equal volumes of 0.1 N NaOH to re- 
move traces of tryptophan. The benzene layer was then shaken 
with 2 ml. of 0.1 N HCl. The acid extract was evaporated to 
dryness, taken up in about 0.3 ml. of methanol and transferred as 
a 2-inch band to Whatman No. | paper for chromatography. 
When the chromatogram was developed with n-propanol-1 N 
NH; (5:1), one indole band appeared, as shown by spraying 4 
segment of the chromatogram with p-dimethylaminobenzalde- 
hyde. This was identical with the tryptamine controls in color 
and Rr. When the tryptamine carrier was eluted, it was found 
to contain 870 c.p.m. per umole representing a total of 5400 
c.p.m. formed in the 3-hour incubation. That this radioactivity 
was really associated with the tryptamine was shown by treating 
the carrier with excess purified monoamine oxidase, aldehyde 
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dehydrogenase, and diphosphopyridine nucleotide as described 
previously (9). It was shown that for each equivalent of di- 
phosphopyridine nucleotide reduced, 1 equivalent of [A was 
formed. The isolated IA was found to have approximately the 
same specific activity as the original carrier tryptamine. The 
finding of tryptophan decarboxylation catalyzed by mammalian 
tissue was surprising enough but the extent of the conversion in 
this experiment (approximately) 75 ug. of tryptamine in 3 hours) 
indicated that nonisotopic procedures should be adequate for its 
detection. It should be pointed out that 900 ug. of IA would 
have been formed and that tryptamine formation accounts for 
only a small percentage of the total IA formed in any tissue. 
When nonradioactive tryptophan was incubated with kidney 
homogenates from Marsilid-pretreated guinea pigs (150 mg. 
per kg.), tryptamine was indeed found. The amine was again 
isolated by the procedure described above and characterized 
by chromatography in several solvent systems. It appears, 
however, that even in the presence of iproniazid (and in the 
absence of oxvgen) tryptamine is further metabolized. For 
this reason the amine does not accumulate to any large extent 
in nonisotopic studies. 

Studies with Fecal Bacteria—Mixed fecal bacteria were ob- 
tained from the patient with idiopathic sprue who had a high 
IA excretion (Table III). Inocula were prepared first by sub- 
culturing stool samples in tubes containing several milliliters 
of medium (2 per cent tryptone, | per cent glucose, 0.5 per cent 
yeast extract). The inocula were then transferred to 1 1. of 
the same medium and incubated for 16 hours at room tempera- 
ture. The cells were harvested by centrifugation, and washed 
twice with 300 ml. of 0.1 m phosphate buffer, pH 6.0, after which 
they were suspended in 40 ml. of the same buffer. Each mil- 
liliter of suspension contained approximately 18 mg. of dried 
cells. Portions of this suspension were incubated with trypto- 
phan and tryptamine for 60 hours. The results are shown in 
Table V. It is evident that the fecal bacteria form IA. The 
marked stimulation by a-ketoglutarate is indicative of transam- 
ination. The transaminating activity of a number of fecal 
bacteria has been known for some time (10). The bacterial 
transamination was not inhibited by iproniazid. 

Of greater interest was the finding of tryptamine formation. 
Here, as in the case of tissues, decarboxylation of tryptophan 
by fecal bacteria had been reported (11) but never verified. The 
tryptamine formed by bacteria was identified by its extracta- 
bility into organic solvents from alkali and reextraction into 
acid (see above), its characteristic colors with p-dimethyl- 
aminobenzaldehyde and xanthydrol, and by its Rr values on 
paper chromatograms using propanol-1 N NH; (5:1) and n-bu- 
tanol-1 ~ HCl. The mixed bacteria did not metabolize tryp- 
tamine. This would suggest that tryptamine formed by in- 
testinal flora may be absorbed from the gut. 


DISCUSSION 


The development of a simple chemical method for the assay 
of IA in urine has made possible a study of the urinary excretion 
of this metabolite in normal and pathological states in man. 
The daily excretion of IA varied considerably even among normal 


* A method for the quantitative measurement of tryptamine in 
tissues based on solvent extraction followed by spectrophoto- 
fluorometric assay was used. The details of this procedure will 
be described in a future publication. 


lustrated in Diagram 1. 
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TABLE V 
IA and tryptamine formation by intestinal bacteria 
Incubations were carried out at room temperature for 60 hours 
in 500-ml. flasks containing 10 ml. of bacterial suspension and 
other factors as indicated below, made up to a volume of 100 ml. 
The flasks were shaken on a platform shaker. 


Flask No. Contents} IA found* |7*¥ptamine 
mg. meg. 
1 200 mg. L-tryptophan 0.25 0.18 
2 200 mg. L-tryptophan + 50 mg. a- 
ketoglutarate 5.20 
3 200 mg. L-tryptophan + 35 mg. 
iproniazid 0.24 0.16 
4 50 mg. tryptamine 0.00 53.0 


* Both indoleacetic and indolepyruvie acids are measured in 
this assay. 


individuals. The finding of elevated levels in five patients with 
apparently unrelated diseases requires explanation. A possible 
common denominator could be alterations in the production of LA 
by intestinal bacteria, although there were apparent symptoms 
related to the intestine in only one case. The finding of an IA 
value of 2.4 mg. per day in the patient whose intestinal tract 
had been almost entirely removed indicates that significant 
amounts of IA are formed in human tissues. IA excretion may 
prove to be a simple and sensitive index of alterations in trypto- 
phan metabolism. Although the significance of such alterations 
is not known, they may reflect not only an altered bacterial 
flora in the gut but also an altered tryptophan metabolism in 
the tissues. 

Recent observations by Mirsky et al. (12) have shown that IA 
is an inhibitor of ‘‘insulinase.”” One might expect either spon- 
taneous hypoglycemia or decreased insulin tolerance in a patient 
excreting large amounts of IA. None of the patients with high 
IA was hypoglycemic and one was actually a diabetic. Insulin 
tolerance tests in one patient when his IA excretion was 50 mg. 
per day did not differ significantly from controls. 

It is apparent from the present studies that metabolic con- 
versions of tryptophan take place in the intact animal as il- 


a-Ketoglutarate 


Tryptophan » Indolepyruvie acid 
Pyridoxal phosphate 
transaminase CO 
—CO, 
| +40: 
—NH; 
Tryptamine » Indoleacetic acid 
+O, 


Monoamine oxidase 


D1aGraM 1. Alternate pathways for biosynthesis of indoleacetic 
acid. 


Both pathways are demonstrable in 
the animal tissues as well as in the fecal bacteria. Although 
the bulk of IA probably arises from transamination, the smaller 
amounts arising through decarboxylation deserve serious con- 
sideration since tryptamine is a potent pharmacological agent. 
These findings are consistent with the recent reports of tryp- 
tamine in human urine (13). Further studies on the nature 
of the tryptophan decarboxylase in mammalian tissues and in 
human fecal bacteria are in progress. 
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SUMMARY 


A simple chemical method for the determination of indole-3- 
acetic acid in urine and tissues is described. The daily excretion 
of this acid in man is generally in the range of 5 to 18 mg. per 
day and may be as high as 200 mg. per day in certain pathological 
states. The excretion of indole-3-acetic acid was increased 
markedly by tryptophan loading. Most of this acid which is 
formed by mammalian tissues in vitro and by human fecal bac- 
teria, arises through transamination involving a-ketoglutarate 
and pyridoxal phosphate. Mammalian kidney and liver, and 
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human fecal bacteria were both found to be capable of decar- 
boxylating trvptophan to yield tryptamine. 
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S-adenosylmethionine, known for some time to be the bio- 
logical methyl donor in mammalian enzymatic transmethylation 
reactions (1, 2), has more recently been implicated in other trans- 
alkylation reactions in bacteria and yeast (3-6). The enzyme 
system catalyzing the condensation of ATP and methionine to 
form AMe! has been found in a variety of tissues and organisms, 
and has been purified from two sources and investigated in 
detail (7, 8). The broad distribution of these enzymes suggests 
that AMe likewise has widespread distribution and lends impor- 
tance to a study of its further metabolism. 

The present paper reports the presence of an enzyme in 
baker’s yeast which decomposes AMe to 5’-methylthioadenosine 
and a-aminobutyrolactone (Equation 1; A = adenine, R = 
ribose). 


AR—S®—CH.CH,CHCOO0 
| 


CH; NH; 
| 
O 
AR—S + CH:CH:CHCO 
| 
CH; NH; a) 
@ 


HOCH.CH.CHCOO© + H® 


NH; 


The partial purification of this system and some of its properties 
are discussed. A preliminary report of this work has been 
published (9). Recent independent results from another labora- 
tory indicate the presence of a similar enzyme in bacterial extracts 
(10). 


EXPERIMENTAL 


Materials—AMe and S-adenosylethionine were synthesized 
enzymatically with the methionine activating enzyme of rabbit 
liver (11). Methionine methylsulfonium bromide was prepared 


* The 13th paper in a series on enzymatic mechanisms in trans- 
methylation. 

!The abbreviations used are: AMe, S-adenosyl-L-methionine, 
where L refers to the configuration of the a-amino acid part of the 
molecule; MTA, 5’-methylthioadenosine; Tris, tris(hydroxy- 
methyl)aminomethane. 
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by the method of Floyd and Lavine (12). S-ribosyl-t-methio- 
nine was made by the alkaline decomposition of AMe (13). 
Dimethyladenosylsulfonium acetate was prepared by the 
methylation of MTA under conditions such as were used by de la 
Haba and Cantoni for methylation of S-adenosylhomocysteine 2 
followed by isolation on a column of Amberlite IRC-50 (XE-64) 
resin (see below). 

MTA was prepared from yeast (14). S-adenosyl-t-homo- 
cysteine was prepared enzymatically. 5’-Ethylthioadenosine 
was prepared by the decomposition of S-adenosylethionine at 
100° at pH 5.6. 

5’-O-methyladenosine was prepared from 2’,3/-O-isopropy]l- 
ideneadenosine synthesized according to Baddiley (15). The 
method used was a modification of that developed by Baddiley 
and Jamieson for the synthesis of MTA (16). For the present 
synthesis the potassium methylmercaptide used by these authors 
was replaced by sodium methoxide in dimethylformamide. The 
material was purified by the method of Baddiley and Jamieson 
(16), with the use of all steps through adsorption on and elution 
from a Dowex 50-H* column. The compound at this point was 
contaminated with adenosine and _ yellow-colored material. 
It was further purified by preparative paper chromatography 
with the use of isopropanol, ammonia, and water (85:0.3:15) as 
solvent. Because of the low yield, the compound was not 
crystallized, but in addition' to the method of synthesis the 
following criteria helped to establish its identity: (a) The com- 
pound migrates as a single ultraviolet absorbing spot in several 
solvent systems with R,’s similar to, but not identical with, 
the Rr’s of MTA. (6) Its ultraviolet absorption spectrum is 
indistinguishable from that of adenosine. Moreover, after 
hydrolysis under conditions known to cleave the glycosidic bond 
of adenine ribosides (1 N sulfuric acid for 30 minutes at 100°) 
the ultraviolet absorption spectra at pH 2 and 11 were identical 
to those of adenine. These findings establish the identity of the 
base portion of the compound. (c) Periodate titration (17) 
showed uptake of 1 mole of periodate for each mole of compound 
as measured by ultraviolet absorption. (Adenosine was used as 
a standard in each case.) (d) The compound was completely 
inert to treatment with adenosine deaminase. Taken together, 
these data firmly support the proposed structure. 

a-Aminobutyrolactone was prepared by incubating pt-homo- 
serine in 6 N hydrochloric acid for 1 hour at room temperature. 
The equilibrium mixture of lactone (approximately 60 per cent) 
and homoserine (approximately 40 per cent) (18) was satisfactory 
for paper chromatography. To prepare homoserine hydroxa- 
mate, an aliquot of this mixture was combined with hydrox- 
ylamine hydrochloride and the solution brought approximately 


2G. de la Haba, and G. L. Cantoni, to be published. 
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to pH 6.5. (The final concentration of hydroxylamine was 
0.5m.) Incubation for 30 minutes at 37° produced a good yield 
of homoserine hydroxamate as judged by the formation of 
material absorbing at 520 my upon acidification and treatment 
with FeCl; reagent as given in Davie et al. (19). Quantitative 
information upon the color equivalent of this material was not 
obtained. 

2-C'4-a-aminobutyrolactone was prepared with 2-C'4-methio- 
nine as the starting material. The latter was enzymatically 
converted to AMe, which was isolated (11), and decomposed by 
heating to 100° for 15 minutes at pH 5.6. The resulting solu- 
tion of t-homoserine, a-amino-t-butyrolactone, and MTA was 
loaded on an XE-64 column prepared as described below, but 
buffered with sodium acetate at pH 5.5. The amino acids were 
eluted by washing with sodium acetate, 0.01 mM, pH 5.5. At 
this pH the MTA adheres to the column. The eluate was 
concentrated by lyophilization, dissolved in a small volume of 
6 nN HCl and incubated for 80 minutes at room temperature. 
Before use in enzymatic reactions this equilibrium mixture was 
diluted and carefully brought to pH 5 with ice-cold KOH while 
being stirred mechanically in an ice bath. 

Methods—Many of the sulfonium compounds were purified 
before use by adsorption on and elution from XE-64 washed 
and cycled through the sodium and acid forms as described by 
Hirs et al. (20). A column (6 by 1 em.) of the purified resin was 
prepared by treating with 50 ml. of 0.25 m potassium phosphate, 
pH 7.0, followed by 15 ml. of a 1:25 dilution of the same buffer. 
After adsorption of the compounds, impurities were removed 
by washing with the dilute buffer. S-ribosyl-L-methionine and 
methionine methylsulfonium could be eluted with 0.25 Nn acetic 
acid. AMe was eluted with 4.0 N acetic acid. 

All paper chromatography was performed with acid-washed 
Whatman No. 1 paper by the ascending technique. If an enzy- 
matic reaction mixture were to be subjected to paper chromatog- 
raphy, the protein would be precipitated with trichloroacetic 
acid. The deproteinized solution was extracted three times 
with several volumes of ether and aliquots of the aqueous phase 
were used for chromatography. 

Proteins were determined by the method of Warburg and 
Christian (21) or Sutherland et al. (22). 


RESULTS 


The amount of AMe in a reaction mixture can be followed 
readily by its isolation with the use of a buffered XE-64 column 
and determination of the compound by its ultraviolet absorption. 

Preliminary experiments showed that incubation of AMe 
in the presence of dialyzed extracts of air-dried yeast resulted 
in the disappearance of AMe. In addition, with these crude 
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Fic. 1. Effect of time and enzyme concentration on the extent 
of reaction. All vessels contained potassium phosphate, pH 5.6, 
150 wmoles per ml., and AMe, 3.0 uwmoles per ml. Curve A, 0.45 
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ml. of enzyme added to each vessel with incubation at 37° as in- 
dicated. Curve B, enzyme added as indicated; all vessels in- 
cubated for 120 minutes at 37°. 
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extracts a net loss of material absorbing at 259 my occurred, 
indicating a further decomposition of the adenosine moiety. 
However, after purification, the disappearance of AMe was 
balanced by the appearance of a new ultraviolet absorbing 
material which did not adhere to the buffered XE-64 column. 
At this stage, the enzyme may be assayed by the appearance 
of this material. 

Enzyme Assay and Definition of Units—The assay as finally 
developed was as follows (all amounts in umoles): potassium 
acetate, pH 5.6, 60; potassium phosphate, pH 5.6, 20; AMe, 1.5; 
and enzyme in 0.5 ml. of final volume were incubated for 2 hours 
at 37°. The mixture was cooled, deproteinized with 0.05 ml. of 
30 per cent perchloric acid, and centrifuged. An aliquot of the 
supernatant fluid was carefully brought to pH 6.7 to 7.0 by the 
addition of an ice-cold mixture of potassium hydroxide and dilute 
potassium phosphate. Potassium perchlorate, which precipi- 
tated upon neutralization, was removed by centrifugation and 
an aliquot of the supernatant fluid was placed upon a buffered 
XE-64 column prepared as described above. 10 to 20 ml. of 
0.01 m potassium phosphate, pH 7.0, were used to wash the MTA 
through the column. AMe was eluted with 10 to 20 ml. of 4Nn 
acetic acid. Controls were run with enzyme and AMe incubated 
separately, the missing component being added after the per- 
chloric acid. There was no appreciable breakdown of AMe in 
the absence of enzyme. <A unit of enzyme was defined as the 
amount catalyzing the decomposition of 1 umole of AMe in 1 
hour under the standard conditions. 

Under these conditions the reaction rate diminished with 
increase in enzyme and with time (Fig. 1). This was probably 
caused by inhibition of the reaction by MTA (see _ below). 
Therefore, for the standard assay it was best to keep the final 
concentration of MTA in the assay mixture below 0.7 « 107? M. 
The activity was little altered by change in pH from 5.6 to 7.4. 
Acetate or phosphate buffer could be used. The affinity for 
AMe was difficult to measure because the enzymatic reaction 
proceeded at levels of substrate that were low relative to the 
amount which must react to obtain a reliable assay (0.2 uwmoles). 
However, the data available allow one to estimate that a maxi- 
mum value for the K,, (Michaelis) is 3 x 10-4 M. 

Purification of Enzyme—The enzyme was extracted from 
air-dried baker’s yeast by autolysis for 4 hours at 37° (33 per 
cent weight per volume yeast in 0.067 m K2HPO,). Precipita- 
tion between 33 per cent and 50 per cent acetone, volume for 
volume, at —8°, differential heat inactivation (61° for 12 minutes 
at pH 6.3) and precipitation by ammonium sulfate between 300 
and 400 gm. per 1. at 2° were subsequently used. The result 
was an increase in specific activity from 0.022 unit per mg. of 
protein in the initial extract to 0.41 in the final fraction with a 
yield of 60 per cent. Almost all of the studies in this paper were 
carried out on such a partially purified preparation. Several 
preparations were made as outlined above, always starting from 
one large batch of air-dried yeast. When it was subsequently 
attempted to prepare enzyme from other batches of yeast, the 
yield was much lower and less reproducible. The reasons for 
this are not clear, but it seems that air drying is detrimental to 
the enzyme. Therefore, another method of extraction was 
developed. The fresh yeast was frozen in liquid nitrogen and 
subsequently extracted as above. This procedure gave a higher 
yield of enzyme per gm. of yeast than the best air-dried prepara- 
tion. The enzyme has been partially purified from _ these 
extracts by heat treatment (12 minutes, 53°, pH 6.3) and am- 
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monium sulfate fractionation. The best fraction obtained from 
the latter step (between 264 and 340 gm. ammonium sulfate 
per liter) had a specific activity of 0.31 and was obtained in 14 
per cent over-all yield. However, the reproducibility of these 
steps has been poor, so that at the present time no entirely 
satisfactory purification procedure may be given. 

As far as is known, the catalytic properties of the enzyme so 
extracted are identical to those of the enzyme prepared from 
air-dried yeast. 

Identification of Products—MTA was identified by its ultra- 
violet absorption spectrum and by chromatography in the 
following solvent systems (all given in volumes): (a) isopropanol, 
70, formic acid, 10, water, 20 (Rr 0.62); (6) sec-butanol, 85, 
formic acid, 5, water, 10 (Rr 0.27); (c) ethylene glycol mono- 
methy] ether, 90, water, 10 (Rr 0.67); (d) ethanol, 80, acetic acid, 
0.8, water, 20 (Rr 0.56). The product had Rp’s not significantly 
different from standard MTA and the compounds chromato- 
graphed together always gave only one spot. In one or more of 
these systems the product was clearly separated from adenine, 
adenosine, S-adenosylhomocysteine, and AMe. The product 
after chromatography was visualized as an ultraviolet absorbing 
spot which gave a positive test for sulfur when sprayed with a 
modification of the potassium iodoplatinate solution of Winegard 
and Toennies (23) but did not stain with ninhydrin or with the 
aniline-phthalate spray for reducing sugars (24). 

Homoserine was identified as a product by paper chromatog- 
raphy in Solvents a to d, above (Rp’s, in order, 0.54, 0.11, 0.23, 
0.30), and in the following solvents: (e) phenol crystals, 160 gm., 
ammonium hydroxide, 0.6 ml., water, 40 ml. (Rr 0.51); (f) 
n-propanol, 85, water, 15, diethylamine, 4 (Rr 0.51); (g) n- 
butanol, 60, acetic acid, 15, water, 25 (Rr 0.20). One or more 
of these systems separated the product from threonine, methio- 
nine, methionine sulfoxide, 3-aminopropanol, and serine. The 
product was detected as a ninhydrin staining spot, that did not 
absorb ultraviolet light, and gave a negative test with the 
iodoplatinate and the aniline-phthalate sprays. 

With the finding that the product of the chemical breakdown 
of AMe at slightly acid pH is a-aminobutyrolactone and the 
discovery of a bacterial enzyme which cleaves AMe to products 
which include a-aminobutyrolactone,’? it became apparent that 
this compound may be an intermediate in the formation of 
homoserine with the yeast enzyme. Evidence was obtained 
that this is indeed the case by the finding that during the enzy- 
matic reaction a product is formed which (a) could be separated 
from homoserine in Solvent g, (6) traveled with authentic 
a-aminobutyrolactone in this solvent (Rr 0.31), and (c) gave a 
yellow color when sprayed with ninhydrin, as did the authentic 
material. The relative quantities of homoserine and a-amino- 
butyrolactone found are variable because during the enzyme 
assay the lactone hydrolyzes to homoserine. Furthermore, by 
performing the enzymatic reaction in the presence of 0.5 mM 
hydroxylamine at pH 6.0 to 6.5 it was possible to demonstrate 
the formation of hydroxamic acid, dependent upon the presence 
of both enzyme and AMe. t-Homoserine incubated with or 
without enzyme under the same conditions did not form detect- 
able hydroxamic acid. The enzymatically formed hydroxamate 
exhibited behavior identical to that of authentic homoserine 
hydroxamic acid upon chromatography in Solvents a (Rr 0.38) 
and b (Rr 0.08). These facts complete the proof that a-amino- 
butyrolactone is an intermediate in the formation of homoserine. 


Schlenk, personal communication. 
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TABLE [ 

Stoichiometry of decomposition of S-adenosyl-t-methionine 

All vessels contained 100 umoles of potassium phosphate, pH 
5.6, and 1.48 umoles of AMe, final volume, 0.50 ml. The complete 
vessel contained 1.4 mg. of enzyme, specific activity 0.41 units per 
mg. The control was incubated without enzyme, which was 
added after the reaction was terminated by the addition of per- 
chloric acid. Incubation was for 3 hours at 37°. Aliquots of the 
protein-free supernatant fluid were analyzed as described in the 
text. In a second control, enzyme was incubated in the absence 
of AMe and the latter was added after the perchloric acid. The 
results were similar to the control shown here. 


| Nonsulfonium 
AMe MTA ninhydrin 
material 
| pmoles | pmoles pmoles 
| 148 | 153 0.46 
Complete........ | 0.81 | .850 1.19 
Change.......... | +0.73 


The stoichiometry of the reaction was examined in the experi- 
ment shown in Table I. The AMe and MTA were separated in 
the usual way and measured spectrophotometrically. For AMe 
at pH 2, the extinction coefficient was taken as 15,100 at 257 
my. For MTA at pH 7.0, the extinction coefficient was taken 
as 15,400 at 259 my. The material eluted from the column by 
buffer (homoserine and a-aminobutyrolactone) was determined 
with ninhydrin (25) using a homoserine standard established 
by Kjeldahl nitrogen determination. The results agree with 
the formulation that each mole of AMe which disappears gives 
rise to one mole of MTA and one of the ninhydrin reactive 
material. 

Lack of Cofactor Requirement—The enzyme could be exten- 
sively dialyzed against 5 X 10-* m Tris, pH 7.2, without appre- 
ciable loss of activity. A portion of the dialyzed enzyme was 
passed over a column of Dowex l-acetate and upon assay 85 per 
cent of the activity was recovered. The enzyme was not 
inhibited by 10-% m penicillamine, cyanide ion, or hydroxylamine, 
compounds which have been used to inhibit pyridoxal-requiring 
enzymes. These results appear to rule out the possibility that 
an easily dissociable cofactor is required for enzymatic activity. 

The dialyzed, Dowex 1-treated enzyme showed no loss of 
activity when assayed in the absence of any inorganic phosphate, 
excluding a phosphorolytic reaction pathway. 

Lack of Exchange Reactions—The enzyme does not catalyze 
the exchange of MTA or of a-aminobutyrolactone with the 
corresponding parts of AMe. The sensitivity of the tests made 
was sufficient to detect a rate of exchange equal to less than 5 
per cent of the cleavage reaction. These facts are interpreted 
as evidence against facile reversibility of the reaction. 

Substrate Specificitty—Several other sulfonium compounds 
containing the 4-carbon side chain of AMe were tested as 
substrates. S-ribosyl-L-methionine, 3 xX 10-3 M, gave no de- 
tectable homoserine upon treatment with the enzyme. Me- 
thionine methylsulfonium, 3 x 10-* M, gave a barely detectable 
increase in homoserine. If significant, this activity is estimated 
at no more than 5 per cent of the activity with AMe as substrate. 
S-adenosylethionine, 0.5 x 10-* M, gave approximately 30 per 
cent the rate of reaction as did AMe at a similar level. At higher 
initial levels this compound, in contrast to AMe, was not de- 
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composed more rapidly and indeed inhibited the reaction with 
AMe as substrate. 

Sulfonium compounds which contain three different substit- 
uents at the sulfur atom have been shown to be optically active 
about this center (26, 27). Since AMe falls in this category, 
it was of interest to explore the specificity of the cleaving enzyme 
for the -diastereoisomers of AMe differing in configuration at 
the sulfur atom. This became possible with the availability of 
S-adenosyl-t-methionine racemic about the sulfur atom, syn- 
thesized by Dr. de la Haba by the action of methyliodide on 
S-adenosyl-Lt-homocysteine.22 AMe formed enzymatically by 
the methionine activating enzyme of liver and AMe synthesized 
chemically as above were decomposed by the cleaving enzyme 
at greatly differing rates. More detailed studies show that 
indeed the enzyme exhibits a high degree of specificity for one 
of these diastereoisomers of AMe. Furthermore, allo-S-ad- 
enosyl-t-methionine, the name given to the diastereoisomer 
which is not attacked by this enzyme, inhibits the enzymatic 


decomposition of the natural substrate, AMe. (See below and 


Fig. 2.)4 

In addition to the compounds mentioned above, dimethyl- 
adenosylsulfonium was tested. This contains the MTA moiety 
of AMe, but the sulfur atom has an altered third substituent. 
This compound was completely inactive as a substrate. 

Methionine and S-adenosy]-t-homocysteine, thio ethers which 
contain the 4-carbon side chain of AMe, were not decomposed 
by the enzyme. 

Inhibition by Structural Analogues of AMe—It was pointed 
out earlier that one of the products of the reaction, MTA, inhibits 


‘To be published in collaboration with Dr. G. de la Haba and 
Dr. G. A. Jamieson. Recent optical rotation measurements have 
demonstrated that AMe formed by liver or yeast enzymes with 
L-methionine as substrate is correctly described as (—)-S-aden- 
osyl-L-methionine, where the (—) refers to the contribution of the 
sulfonium center to the overall optical rotation of the molecule. 
The term allo-S-adenosyl-L-methionine is therefore superseded 
by (+-)-S-adenosyl-L-methionine. 
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the rate of cleavage of AMe (Fig. 2). The possibility was 
considered that this inhibition might be due to a reversal of the 
forward reaction, but this was apparently ruled out by finding 
that labeled MTA was not incorporated into AMe during incuba- 
tion with AMe and enzyme. It was further shown that the 
inhibition could be overcome by raising the amount of AMe 
present, and it was concluded that the inhibition was most 
probably because of competition for the active site on the enzyme. 
In order to study the factors governing binding at this site a 
series of structurally related compounds was investigated as 
inhibitors. The compounds were usually tested at 4 « 10-3 m 
with AMe present at 1.5 X 10-3 m. The results are shown in 
Fig. 2. Here, the compounds are classified in one of three 
categories according to their inhibitory power. In all cases the 
available data allow unequivocal assignment to one of these 
classes, although there is some variation in the relative potency 
of any one inhibitor if repeated tests are performed. 


DISCUSSION 


MTA was first isolated from yeast in 1907. It has since been 
the subject of much chemical work which culminated in the 
synthesis of the compound independently in three laboratories 
in 1951 (15, 28, 29). The biological origin of MTA remained 
obscure, however, until its structural relationship to AMe 
became clear. The present paper describes an enzyme which 
leads to the formation of MTA. A second pathway leading from 
AMe to MTA is suggested by the work of Tabor et al. (30). 
These authors have studied a transalkylation reaction in which 
decarboxylated AMe transfers its aliphatic side chain to putres- 
cine. The expected nucleoside product is MTA (30), but this 
material has not yet been identified, perhaps because of the 
presence of enzymes which further metabolize MTA. 

The enzymatic reactions in which AMe and other sulfoniums 
participate are readily understood in terms of the well known 
chemical properties of such compounds (31). Thus, transalkyla- 
tion reactions may be viewed as nucleophilic substitutions in 
which there is attack upon one of the carbons immediately 
adjacent to the positively charged sulfur. The over-all result is 
displacement of a thio ether from this carbon atom and forma- 
tion of a new bond between the same carbon and the attacking 
reagent, the ‘“‘acceptor.”” The nucleophilic attack may be 
spearheaded by a nitrogen, oxygen, sulfur, or even a carbon 
atom of the acceptor molecule (4-6, 30, 32-36). 

The above description must be regarded as only a summary 
of the over-all results. The final analysis of any of these reac- 
tions must, of course, account for the catalytic role of the enzyme 
involved, but so little information is currently at hand in this 
area that further discussion seems unwarranted. 

The reaction described in this paper can be formulated also 
according to this general mechanism. Here, a carboxyl oxygen 
of AMe itself attacks the y-carbon atom adjacent to the sulfur, 
leading to displacement of the thio ether MTA and to formation 
of a-aminobutyrolactone. 

An alternative mechanism is suggested by consideration of the 
known tendency of sulfonium compounds to undergo elimination 
reactions (37). Such a reaction in the present case would 
result in the formation of MTA and 2-amino-3-butenoic acid. 
This would be analogous to the known enzymatic formation of 
dimethyl] sulfide and acrylic acid from dimethylpropiothetin (38). 
The unsaturated compound might form @-aminobutyrolactone in 
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a reaction similar to the reported iactonization of cis ,cis-muconic 
acid (39). At present there is no critical evidence available 
to decide between the two pathways.® 

As noted above, an attempt has been made to study the 
enzyme-substrate binding by the use of structural analogues of 
AMe as inhibitors. It may be pointed out that the relatively 
simple geometry of this system may offer some advantages for 
study. Thus, if the substrate be regarded as a sulfur atom 
bonded to three variously substituted carbon atoms, there is 
available a class of analogues, the thio ethers, each consisting 
of a sulfur atom bonded to any two of these carbons. In passing 
from substrate to analogue the spatial relationship of the sulfur 
to these carbons is little altered in the sense that the three atoms 
continue to lie, of course, in a single plane. Moreover, the 
earbon-sulfur-carbon bond angle which is known to be 106 + 4° 
in the thio ether (40) may be estimated to be 110 + 10° in the 
sulfonium substrate. (The second figure in the absence of 
accurate measurements has been arrived at by analogy with the 
corresponding angle in sulfoxide compounds (40, 41).) These 
materials then may comprise a type of analogue not available 
when studying a more complicated 4-bonded carbon substrate. 

These relationships are shown diagrammatically in Fig. 2. 
Here the compounds are drawn as projected upon the plane of the 
paper. In reality, the sulfonium compounds are pyramidal with 
the sulfur being in front of or behind the plane of the paper. 
The role of the various portions of the AMe molecule in binding 
to the enzyme may be postulated from the available results. The 
adenine portion of AMe seems essential since all the compounds 
which inhibit to a significant extent contain this moiety and 
compounds in which it is missing (Nos. 8-10, 14) are almost 
inactive. However, the presence of the adenine or adenosine 
portion is not sufficient for a compound to be inhibitory. Com- 
pounds 7, 11, 12, and 13 illustrate this point. In all active 
compounds the adenosine has a 5’-thio-substituent. A change 
to a 5’-oxygen-substituent results in complete loss of activity 
(Compound 11). Of especial interest is a comparison between 
Compounds 2 and 7. The over-all architecture of Compound 7 
would appear to approximate that of AMe at least as well as 
does MTA and yet Compound 7 has lost most of its inhibitory 
power. The inference is drawn that the positive charge on the 
sulfur atom has decreased the affinity of the compound for the 
enzyme. 


SUMMARY 


1. An enzyme which catalyzes the conversion of S-adenosyl- 
L-methionine to 5’-methylthioadenosine and a-aminobutyro- 
lactone has been extracted from baker’s yeast and partially 
purified. 

2. The properties of the enzyme in regard to pH optimum, 
reversibility, substrate affinity, and substrate specificity are 
presented. 

3. The factors contributing to enzyme-substrate binding 
have been studied by the use of structural analogues of S- 
adenosyl-L-methionine as inhibitors of the enzyme. 

4. A brief discussion of the possible reaction mechanism is 
given. 

Recently 2-amino-3-butenoie acid has been experimentally ex- 
cluded as an intermediate by the demonstration that homoserine 
formed enzymatically from AMe in the presence of tritium-labeled 
water does not contain nonexchangeable tritium. Details of this 
experiment will be published separately. 
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Although the biosynthesis of niacin in Neurospora and mam- 
mals has been elucidated in a general way, the pathway by which 
this vitamin is formed in plants has remained obscure. An 
increase in the niacin content of cereals during germination has 
been observed (1). Winterstein and Trier (2) suggested that 
niacin is derived from proline, whereas Guggenheim (3) proposed 
ornithine as a precursor. 

Following the observation of Krehl et al. (4) that tryptophan 
could replace niacin in the diet of the rat, evidence of a trypto- 
phan-niacin relationship in plants has been sought (5-13). 
Several of these efforts have led to suggestive evidence that 
tryptophan or various of its metabolites are precursors of niacin. 
In general, the evidence has been based on observed small 
increases in the niacin content of plants grown in the presence 
of suspected precursors. 

Recently, isotopic evidence has conclusively excluded the 
niacin-precursor role of tryptophan in some plants and bacteria 
(14). The failure of ring-labeled tryptophan to serve as a 
precursor of nicotine formed by root cultures of tobacco (15) 
coupled with the evidence that the pyridine ring of nicotine 
arises directly from nicotinic acid (16) constituted strong evidence 
against the conversion of tryptophan to niacin in this plant. 
Leete (17) and Grimshaw and Marion (18) have confirmed the 
failure of tryptophan and its metabolites to serve as a precursor 
of nicotine using intact Nicotiana glauca. 


EXPERIMENTAL 


Germination of Corn Plants—Two hybrid varieties of corn 
were used, Crow’s Hybrid WF9 X MI4! and Tennessee Inbred 
No. 13.2. The seeds were washed repeatedly with distilled 
water to remove fungicide. They were sterilized by soaking for 
3 to 6 minutes in a solution of 0.2 per cent mercuric chloride in 
50 per cent ethanol, then rinsed 3 times with 30 ml. portions of 
sterile, distilled water. The seeds were then soaked in a mini- 
mum volume of sterile, distilled water for 14 to 24 hours at which 
time they were transferred to the sterile 1-1. Erlenmeyer flasks 
used for germination. 15 soaked seeds were placed in each of 


* Supported in part by grants A-801 and RG-4700 from the 
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1 Kindly supplied by Dr. R. H. Hageman of the Department of 
Agronomy, University of Illinois, Urbana, Illinois. 

? Kindly supplied by Dr. H. C. Kincer, Tennessee Agricultural 
Experiment Station, Knoxville, Tennessee. 


6 flasks containing 15 ml. of a solution of the compound under 
test. CO--free filtered air was drawn through each flask at a 
slow rate. In some cases the CO2 produced was collected in a 
solution of NaOH. Sterile water was added as needed, usually 
10 ml. to each flask on the fourth day. Germination and sub- 
sequent growth proceeded in the dark for 7 to 9 days at 26.5°. 
The tritium labeled compounds used were added after 4 to 5 
days of growth rather than at the beginning of germination. 
3-Hydroxyanthranilate was sterilized by filtration and the 
tryptophan by autoclaving. 

Growth of Tobacco Plants—Nicotiana rustica L., employed in 
this investigation, was grown in a greenhouse for approximately 
3 months until the plants were between 10 and 15 em. in height. 

A method of administering tryptophan to the tobacco plants 
was used which resulted in over 95 per cent absorption in 3 to 
4 hours and therefore essentially eliminated bacterial destruction 
of the amino acid. To accomplish this the plants of the desired 
size and age were taken from the greenhouse and the roots 
removed with scissors. New roots were then allowed to re- 
generate for about 2 weeks in 125-ml. Erlenmeyer flasks con- 
taining a nutrient medium (19). At the end of that time, the 
nutrient medium in each flask was replaced with 3 ml. of medium 
containing 1 mg. of pb.i-tryptophan-7a-C™ (0.7 uwe.). This 
solution was taken up by the plant roots in 3 to 4 hours. 3 ml. 
of nutrient medium were then added to each flask and were 
rapidly absorbed. 50 ml. more of the nutrient medium were 
added to each flask and the plants were allowed to metabolize 
the radioactive amino acid for 10 days. Radioactivity was 
detected in the foliar parts of the plant 12 hours after administra- 
tion of the amino acid. No adverse effect of the amino acid on 
plant growth or metabolism was noted. 

Test Compounds—Tryptophan-7a-C™ was synthesized from 
aniline-1-C' (20) and had a specific activity of 153 ue. per 
millimole. The tritium labeled 3-hydroxyanthranilic acid and 
tryptophan were prepared according to the method of Wilzbach 
(21). The specific activities were 1660 and 3700 we. per milli- 
mole, respectively. 

Isolation of Compounds from Corn—At the end of the ex- 
perimental periods the solutions remaining in the flasks were 
pooled and the unabsorbed compound was estimated by isotope 
analysis as well as by the microbioassay for tryptophan and by 
the fluorometric method for 3-hydroxyanthraniliec acid. 

The embryos were separated from their endosperms and the 
root and shoot length determined. After drying at 80° for 8 
hours the plants were ground in a mortar and extracted for 1 hr. 
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with 60 per cent boiling ethanol. The extract was evaporated 
to dryness and the residue hydrolyzed in 10 ml. of 1.0 N hydro- 
chloric acid at 120° for 1 hr. in an autoclave. The hydrolysate 
was filtered, diluted to volume, and an aliquot removed for micro- 
bioassay for niacin. 

To the remaining hydrolysate, 50.0 mg. each of trigonelline 
and niacin were added and after neutralization to pH 7.0 the 
solution was passed through a Dowex 50 column in the hy- 
drogen phase. After washing the column with water both 
compounds were eluted with 0.3 N HCl. The eluate contained 
both compounds separated from most impurities. After ad- 
justing to pH 7.8 this eluate was passed through a Dowex 1 
column in the chloride phase. The filtrate and 15 ml. of wash 
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water contained the trigonelline but no niacin. The niacin wag 
eluted with 0.1 N acetic acid. BrCN-aniline (22) was used to 
test for niacin and phosphotungstic acid in 5 per cent H.SO, was 
used to test for trigonelline. A precipitate with the latter 
reagent in a fraction which gave a negative BrCN-aniline test 
was considered a positive test for trigonelline. 

The trigonelline was isolated as the crystalline picrate which 
was purified by recrystallization from absolute ethanol. Niacin 
was sublimed at 105° at 20-30 mm. Hg. The sublimate was 
recrystallized from absolute ethanol. 

Isolation of Nicotine from Tobacco—At the end of the ex- 
perimental feeding period the plants were removed from the 
flasks in which they had been growing, cut into small pieces 
with scissors, and rapidly dried at 80 to 90° under infrared 
lamps. Nicotine was then isolated from the dry plant material 
as the dipicrate as described previously (19). 


| Niacin content Isotope Determination—The C™ in the experiments with corn 
was determined as after wet combustion (23) with a 
“Mean RB vibrating reed electrometer. Tritium was also determined by 
| heneth lg. = | 2° gas counting using the procedure of Wilzbach et al. (24). 
seed In the experiments with tobacco, radioactive tryptophan and 
(3S are. ee nicotine dipicrate were counted as such with a Tracerlab, Inc., 
proportional flow counter and a Nuclear Chicago Corporation 
| ugs- model 192x scaler. 
| mg cm. cm | 
| | “_ RESULTS AND DISCUSSION 
Whole seed ungermi- | | 
16.7 Experiments with Corn—A preliminary experiment, in which 
Germinated seeds | | nonisotopic tryptophan was used, failed to show any marked 
Re pea cerns? 135 11.6 7.8 |14.9 | 91 10.1 | 8.8 effect of tryptophan on the niacin content of the corn embryos. 
100 wg. DL-tryptophan Nason (7) reported a greater than normal synthesis of niacin 
per plant........... 108 | 8.6 6.0 (16.5 (135 10.4 10.4 by excised corn embryos when tryptophan or 3-hydroxyanthrani- 
1000 wg. DL-tryptophan late were added to the medium. In the preliminary experiments 
por | 116.6 9.5 with the whole seed of one of the strains of corn used by Nason, 
tryptophan added at the beginning of germination inhibited 
Tape Il root and shoot development slightly at 0.1 mg. per plant and 
Distribution of C™ from tryptophan-7a-C'* in Crow’s hybrid corn by almost 50 per cent at 1 mg. per plant. Table I summarizes 
embryos the results of niacin analysis on these corn embryos and the 
Number of embryos/number of seeds... .. 150/200 remaining endosperm. Whereas the niacin content per unit of 
Mean shoot length, em.................... 5.5 dry weight of embryos was greater when tryptophan was added 
Tryptophan-7a-C™ given, mg............ 11.5 te the medium, the increase appeared to result from growth 
Tryptophan-7a-C" given, we............... 8.52 suppression. The niacin content per embryo was not greatly 
Tryptophan-7a-C" not absorbed, mg....... 1 changed by tryptophan. These data obtained with whole 
2.41 kernels showed somewhat less consistent increases in niacin in 
C4 in endosperm, 1.11 response to tryptophan than were recorded by Nason with 
C** in ungerminated seeds, wc.............. -68 excised embryos. Nevertheless, niacin synthesis increased the 
C* in respiratory COs, we.................. 9! amount of this vitamin from 16.7 ug. per plant in the seed to 
Total recovery of C™, pe.................. 5.11 é Th 
60 approximately 25 yg. per plant in the germinated embry} os. The 
Obes... 0.00014 results here could be interpreted as resulting from slight stimula- 
tion of niacin synthesis by tryptophan. Subsequent exper: 
TaBLeE III 


Failure of Tennessee Inbred No. 13 corn to incorporate isotope from tryptophan or 


3-hydrozyanthranilic acid into niacin or trigonelline 


: A tof |A f 
Compound administered NS | | | | compound | compound | 
cm. gm. mg. uc. mg. pc. uc. 
pL-Tryptophan-7a-C™....... 94/150 10.7 7.45 210 30 22.2 1.4 trace trace 
3-Hydroxyanthranilic acid-H?. 94/150 18.0 9.61 10 110 0.3 0.016 0.02 
pL-Tryptophan-H? .......... 45/75 15.7 4.72 183 12.8 233 0.4 trace trace 
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ments reported below indicated that if tryptophan enhances 
niacin formation in the germinating corn seed it does not do so 
by serving as a precursor. 

In the first isotope experiment with Crow’s hybrid variety 
corn, 150 of 200 seeds used germinated (Table II). At the end 
of the experiment approximately 60 per cent of the C™ was 
accounted for, most of which was present in the growing plant. 
A substantial amount was collected as COs, but only a trace 
appeared in niacin. 

Three other experiments (Table III) provided evidence 
against the incorporation of tryptophan or 3-hydroxyanthranilic 
acid into niacin or trigonelline. Because tryptophan addition 
had suppressed growth in the preliminary experiment (Table I) 
the last two experiments involving tritium-labeled compounds 
were performed somewhat differently. The germination oc- 
curred in distilled water and the test compounds were added on 
the fourth or fifth day. Under these circumstances the test 
compounds were almost quantitatively absorbed, but caused 
little or no suppression of growth. The niacin content of the 
embryos was approximately the same (15 to 20 ug. per embryo) 
as observed in the preliminary experiment. 

Experiments with Tobacco—When tryptophan-7a-C"™ was fed 
to two groups of tobacco plants under conditions described 
above, no radioactive nicotine was formed in either experiment. 
Other substances, which have been shown to be nicotine pre- 
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cursors, when fed at the concentration and with the radio- 
activity of the tryptophan used in the present study, yielded 
highly radioactive nicotine (25, 26). Therefore, the results of 
the present work, obtained with methods which insured the 
absorption of tryptophan, show that the amino acid is not a 
precursor of the pyridine ring of nicotine in Nicotiana rustica, 
and are in agreement with the findings of Dawson (15) and 
Leete (17). 


SUMMARY 


1. Isotope experiments with Crow’s hybrid and Tennessee 
Inbred No. 13 corn indicated that tryptophan added to the 
germination medium was completely absorbed but did not 
serve as a precursor of the synthesized niacin. Likewise, the 
tritium of labeled 3-hydroxyanthranilic acid was not incorporated 
into this vitamin. 

2. Tryptophan-7a-C™, when administered to Nicotiana rustica 
by a procedure which insured rapid absorption of the amino 
acid through the roots, yielded no radioactive nicotine during a 
metabolism period of 10 days. 

3. These findings constitute strong evidence against the exist- 
ence of the role of tryptophan and 3-hydroxyanthranilie acid 
as niacin precursors in corn and tobacco, contrary to much 
nonisotopic evidence which has been presented. 


REFERENCES 


. BuURKHOLDER, P. R., Science, 97, 562 (1943). 
. WINTERSTEIN, E., AND TriER, G., Die Alkaloide, Berlin, 1931, 
p. 346. 
3. GUGGENHEIM, M., Die Biogenen Amine, 4th edition, 8. Karger, 
Basel, 1951, p. 260. 
4. W. A., Tepty, L. J., Sarma, P.S., AND ELVEHJEM, 
C. A., Science, 101, 489 (1945). 
. TERROINE, T., Compt. rend., 226, 511 (1948). 
. Nason, A., Science, 109, 170 (1949). 
. Nason, A., Am. J. Botany, 37, 612 (1950). 
. GusTaFson, F. A., Science, 110, 279 (1949). 
. BANERJEE, S., AND BANERJEE, R., Indian J. Med. Research, 
38, 153 (1950). 
10. SHANMUGASUNDARAM, R. B., AND Sarma, P.S., J. Sez. Ind. 
Research. India, 12B, 245 (1953). 
ll. ANprIEsS, M. C., FarrBarrRN, J. W., AND YOUNGKEN, H. W., 
Jr., J. Am. Pharm. Assoc. Sci. Ed., 45, 70 (1956). 
12. Feperico, L., AND VALLE, T., Boll. soc. ital. biol. sper., 30, 
1379 (1954). 
13. Kuarzkin, C., in R. T. WiuiramMs (Editor), Biochemistry of 
vitamin By, Cambridge University Press, London, 1955. 
14. Yanorsky, C., J. Bacteriol., 68, 577 (1954). 
15. Dawson, R. F., BoTHNER-By, A., HENDERSON, L. M., CuRIstT- 
MAN, D. R., aNnp ANDERSON, R. C., Abstract of paper pre- 


oo or 


sented at the second annual meeting of plant chemists and 
biochemists at Rutgers University, October 22, 1955. 

16. Dawson, R. F., Curistman, D. R., ANpERSON, R. C., Sour, 
M., D’Avamo, A. F., aNp Wetss, U., J. Am. Chem. Soc., 78, 
2645 (1956). 

17. LEETE, E., Chem. and Ind. London, 1270 (1957). 

18. GRIMSHAW, J., AND Marion, L., Nature, 181, 112 (1958). 

19. Brown, 8. A., AND ByerruM, R. U., J. Am. Chem. Soc., 74, 
1523 (1952). 


20. HENDERSON, L. M., Rao, D. R., AND Nystrom, R. F., Bio- 


chemical Preparations, Vol. VI, John Wiley and Sons, Inc., 
New York, p. 90. 


21. WixuzBacu, K. E., J. Am. Chem. Soc., 79, 1013 (1957). 
22. WaIsMAN, H. A., AND ELvEHJeEM, C. A., Ind. Eng. Chem. Anal. 


Ed., 13, 221 (1941). 


23. VAN SLYKE, D. D., STEELE, R., AND PLazin, J., J. Biol. Chem., 


192, 769 (1951). 


24. WiuzBacu, K. E., Kapitan, L., AND Brown, W. G., Science, 


118, 522 (1953). 


25. ByerruM, R. U., RinGuer, R. L., Hamiiy, R. L., anp Batu, 


C.D., J. Biol. Chem., 216, 371 (1955). 


26. Dewey, L. J., ByerruM, R. U., anp Batt, C. D., Biochim. et 


Biophys. Acta, 18, 141 (1955). 


to 
"as 

est 
ich 

in 

as 

X- 

he 
Ces 

ed 

ial 
om 

a 

by 

nd 

C., 
ion 

ich 

ced 

OS. 

cin 

nts 
ited 
and 

ines 
t of 

atly 
hole 
n in 
vith 
The 

ula- 
peri- 

pe in 

e)line 

ce 
ace 


The Metabolism of DL-T'ryptophan -a-C" by the Rat* 
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On the basis of urinary excretion products and recognized en- 
zymes in animal tissues it has been assumed that the kynurenine- 
3-hydroxyanthranilic acid pathway is the major route of trypto- 
phan catabolism (1). Studies in vitro (2, 3) established the fact 
that the 3-carbon side chain of tryptophan is removed as alanine 
in the conversion of 3-hydroxykynurenine to 3-hydroxyanthra- 
nilic acid. Recent investigations of the fate of the benzene ring 
of tryptophan (4-6) have shown that a large percentage of 
carbon-7a is rapidly converted to CO: via acetate by the rat. 
However, no conclusions could be drawn regarding the reactions 
involved before the opening of the benzene ring. 

The only isotopic experiments in vivo dealing with the meta- 
bolic fate of the tryptophan side chain, other than those relating 
to its conversion to urinary metabolites, were reported by Sanadi 
and Greenberg (7). These authors concluded that tryptophan- 
B-C** was probably degraded chiefly via acetate-2-C™ in the rat. 
They proposed a scheme which involved the conversion of car- 
boxyl carbon to CO, and the two remaining carbons to acetate. 

The kynurenine-3-hydroxyanthranilic acid pathway for the 
formation of niacin from tryptophan appears to be firmly estab- 
lished for the rat, but there is no direct evidence that this path- 
way is necessarily involved in the oxidation of tryptophan to 
CO, by this species. To investigate the possibility of a major 
alternate pathway of tryptophan degradation the present study 
was undertaken using tryptophan-a-C'. The labeling pattern 
in several nonessential amino acids was used to indicate the fate 
of the side chain. The results obtained are completely consistent 
with the kynurenine-3-hydroxyanthranilic acid scheme and 
exclude any significant metabolism of tryptophan by a route 
such as that proposed by Sanadi and Greeberg (7). 


EXPERIMENTAL 


The pi-tryptophan-a-C™ used in these studies was obtained 
from Tracerlab. Radioautographs of chromatograms of this 
material developed in n-butanol-acetic acid-water (4:1:5, upper 
phase) and pyridine-water (65:35) showed only minute traces of 
radioactive impurities after 3 weeks exposure. L-Cyclohexylal- 
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anine was prepared by catalytic hydrogenation of L-tyrosine as 
described by Waser and Branchli (8). Acetylcyclohexylalanine 
was prepared as described by Phillips and Anker (9). 

Two albino Holtzman rats were used in these experiments. 
Rat No. 4 was a female weighing 151 gm. and was maintained be- 
fore and during the experiment on an 18 per cent casein-sucrose 
diet (5). This animal received 44.5 mg. of pL-tryptophan-a-C¥ 
containing 44.7 uc. of C by intraperitoneal injection in 2 equal 
doses 6 hours apart. Rat No. 8, a male weighing 143 gm., was 
fed the same diet as Rat No. 4 until 20 hours before the admin- 
istration of isotope, when food was withdrawn. This animal 
received 51.2 mg. of pL-tryptophan-a-C™ containing 61.4 ue. of 
isotope. The tryptophan was dissolved in 10 ml. of 12 per cent 
glucose solution which was administered by stomach tube in 2 
equal doses 6 hours apart. The animal was given access to the 
diet after the second dose of tryptophan. Immediately after 
each administration of tryptophan, 200 mg. of t-cyclohexylal- 
anine was given in aqueous suspension by stomach tube. 

The COs, urine, and feces from both animals were collected. 
12 hours after the first dose of tryptophan the animals were killed 
and the tissue components were separated as previously described 
(5). Carrier acetylcyclohexylalanine was added to the urine 
and isolated by the method used by Bloch and Rittenberg (10) 
for acetyl-a-amino-y-phenylbutyric acid. The crude product 
was dissolved in dry acetone and precipitated as the ammonium 
salt with 26 per cent NH,OH. The acetylceyclohexylalanine was 
recrystallized from hot water to constant specific activity and 
melting point (203-204°). 

This compound was hydrolyzed and the resulting acetate col- 
lected by steam distillation as previously described (6). Sodium 
acetate was decarboxylated by the method of Phares (11). The 
resulting methylamine sulfate was oxidized to CO. by wet con- 
bustion (12). | 

The amino acids were isolated from acid hydrolysates of the 
protein fractions and degraded as discussed elsewhere (13, 14). 
All C™ determinations were made with the vibrating reed 
electrometer, following combustion to CO, by the method of Van 


Slyke et al. (12). 
RESULTS 


The gross distribution of C™ arising from tryptophan-a-C" is 
shown in Table I. The differences between the two animals in 
the percentage of activity found in each fraction are probably 
primarily a result of the different modes of administration of the 
isotope. Although the gross distribution of isotope was greatly 
altered by the mode of administration, the pathway of catabolism 
of the tryptophan side chain was not affected. This is shown by 
the close similarity of the labeling pattern in the amino acids 
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TABLE I 


Gross distribution of C'4 in tissues and excretory 
products of rats given pxi-tryptophan-a-C' 
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TABLE III 


Distribution of C' in glutamic acid and aspartic acid from carcass 
and liver protein after administration of tryptophan-a-C'4 


Rat No. 4 
Rat weight 151 
pe. 
Carcass proteins............. 13.35 

Liver proteins............... 2.72 3.3 
Carcass lipides.............. 2.94 3.6 
Liver lipides................. 2.66 1.8 
Cecum contents............. 23 
Intestinal contents.......... 1.6 
Stomach contents............ 17.4 

TaBLeE II 


Distribution of C'* in alanine and serine from carcass and liver 
proteins after administration of pi-tryptophan-a-C'4 


Distribution 


Rat No. 4 


Specific 
activity 


Alanine 


Serine 


muc./ 
mmole 


72.7 


isolated from the 2 animals (Tables II and III). 
tion of C4 in alanine and serine from liver and carcass pro- 
tein is shown in Table II. The specific activities of the amino 
acids isolated from Rat No. 8 are lower than those from Rat No. 


Rat No. 4 Rat No. 8 
Distribution Specific | Percent- Specific | Percent- 
activity activity 
57.5 32.4 
Glutamate 
9.9 | 17.3 6.3 | 19.4 
16.8 | 29.1 7.8 | 24.0 
3.7 5.8 1.3 3.9 
11.5 | 20.0 10.6 | 32.6 
Sum, Carbons 1 to 5....... 56.7 | 98.0 31.9 98.1 
Glutamate 
77.8 | 33.6 33.4 | 23.0 
92.1 | 39.7 47.8 33.0 
Sum, Carbons 1 to 5....... 223.2 | 96.2 139.2 96.0 
158.0 | 84.1 
Aspartate | 
Sum, Carbons 1 + 4......... 38.6 | 24.4 | 23.9} 28.4 
Aspartate | 
Sum, Carbons 1 + 4......... | 7@.8] 52.4 | 


4, in agreement with the lower amount of total activity found in 
the protein of Rat No. 8 (Table I). In alanine 80 to 96 per cent 
of the total activity was found in carbon-2, indicating that the 
side chain of tryptophan is incorporated into alanine with very 
little randomization. Carbons 2 and 3 of serine derived from 
tryptophan-a-C™ were about 80 per cent randomized. Serine 
is formed from a glycolytic intermediate other than pyruvate 
(14), since pyruvate-3-C™ gives rise to serine with almost as 
much activity in carbon-2 as in carbon-3 (15), while serine formed 
from glycerol-1 ,3-C'™ has much less randomization (14). These 
considerations make it unlikely that the side chain of tryptophan 
could have entered the glycolytic scheme at a level above py- 
ruvate. The much greater specific activity of alanine as com- 
pared to serine also supports this view. 

In Table III are shown the labeling patterns found in glu- 
tamate and aspartate of carcass and liver protein after trypto- 
phan-a-C" administration. These patterns are very similar to 
those previously reported to result from pyruvate-2-C™ (16). 
In view of the ready interconversion of alanine and pyruvate by 
transamination (17) this finding is consistent with the loss of the 
tryptophan side chain as alanine. 

In Table IV is a summary of the results of an acetate-trapping 
experiment carried out with Rat No. 8. More than 95 per cent 
of the radioactivity present in the acetylcyclohexylalanine ex- 
creted in the urine was recovered in the acetyl moiety. The 
methyl group of acetate had less than 10 per cent as much 
activity as the carboxy] group, showing that very little random- 
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ent oo Rat No. 8 
the | of | Specific | 
| total | aCtEVEty | total 
b | 79.3} 28.6] 83.2 
10.9 | 15.0 3.3; 9.6 
(10) Sum, Carbons 1 to 3.......| 73.0} 100.5 | 33.7 98.0 
uct | | | 
jam | Liver, total......................| 07.5 | 356.0 
was Alanine | | | 
and 11.4; 2.8) 4.7] 1.3 
344.0 | 84.5 | 341.0 96.0 
ieee Sum, Carbons 1 to 3.......| 387.2 | 95.1 | 356.1 | 100.2 
| | | 
The | 11.2) 6.6 | 
om- | | | 
| 19.1] 1.2] 18.2 
14). 37.5; 31.8 
reed Sum, Carbons 1 to3......., 11.6 | 100.7 6.6 | 100.0 
: | | 
Serine | | | | 
4.2) 13.2) 2.5) 8.8 
Carbon-2....................| 19.4] 60.4] 18.3] 64.5 
uls Sum, Carbons 1 to 3.......| 32.3] 101.0| 24.2| 85.5 
f the 
eatly 
olism 
mn by 
acids 


98 


TABLE IV 
Acetate-trapping from tryptophan-a-C'* using cycloherylalanine 


Compound Specific activity 


| 
| myuc./mmole 
| 


Acetyleyclohexylalanine............... 20.4 


ization occurred in the formation of acetate-1-C™ from trypto- 
phan-a-C™, 


DISCUSSION 


The amino acid data presented in Tables II and III clearly 
indicate that the side chain of tryptophan-a-C™ is removed as 
pyruvate-2-C™ or its metabolic equivalent. Except for the 
slightly lower randomization in liver serine, all the data are in 
accord with those previously predicted and observed for py- 
ruvate-2-C“ (16). Only a 3-carbon intermediate labeled in 
carbon-2 can yield alanine labeled primarily in position 2. And 
only such an intermediate can give the patterns observed in 
glutamate (16). As mentioned above, the high randomization 
of carbons 2 and 3 of serine and the fact that alanine has many 
times the specific activity of serine, suggest that the side chain 
of tryptophan entered the glycolytic scheme as pyruvate. The 
conversion of pyruvate to phosphopyruvate via malate (18) and 
oxalacetate (19), a route energetically more favorable than the 
reversal of the pyruvate kinase reaction (20, 21), accounts for 
the randomization observed when pyruvate or lactate is a pre- 
cursor of serine (15) or of liver glycogen (22-25). 

If the kynurenine-3-hydroxyanthranilic acid pathway is the 
main route of tryptophan catabolism, tryptophan-a-C™ should 
yield alanine-2-C™%. If it were catabolized as proposed by San- 
adi and Greenberg (7), tryptophan-a-C™ would give rise to 
acetate-1-C%. All the data in the present investigation are con- 
sistent with the formation of 2-labeled alanine and all but the 
acetate trapping data are inconsistent with the direct formation 
of acetate. If acetate-1-C'* were formed directly from trypto- 


Tryptophan Metabolism 


Vol. 234, No. 1 


phan-a-C™, then alanine, serine, aspartic acid and glutamic acid 
would be labeled almost exclusively in the carboxyl carbons 
(26-28). 

Sanadi and Greenberg based their scheme chiefly on the label- 
ing pattern in glucose excreted by phlorizinized rats given 
tryptophan-8-C™ and the formation of labeled acetyl groups 
from thiscompound. Although they did not completely degrade 
glucose, these workers assumed an equal labeling in carbons 1, 2, 
5 and 6 and on this basis concluded that acetate-2-C™, but 
not pyruvate-3-C', was produced from tryptophan-6-C%, 
However, it has been shown (22-25) that either 2- or 3-labeled 
pyruvate produces glycogen labeled in carbon atoms 1, 2, 5, and 
6. The formation of labeled acetyl groups as shown by activity 
in acetyl-p-aminobenzoic acid, cholesterol, and hemin was also 
advanced (7) as evidence for the direct formation of acetate 
from the tryptophan side chain. However, any compound which 
is easily converted to pyruvate-2- or 3-C will produce labeled 
acetyl groups. It was shown by isotope experiments as early 
as 1945 (29) that alanine was an effective source of acetyl groups. 
Therefore, the labeling pattern obtained by Sanadi and Green- 
berg (7) will not distinguish between the catabolism of the 
tryptophan side chain to alanine or pyruvate on the one hand 
and acetate on the other. The labeling data reported here for 
alanine, serine, aspartic acid, and glutamic acid leave little doubt 
that in the major pathway of tryptophan catabolism the side 
chain is removed as pyruvate or its metabolic equivalent. 


SUMMARY 


pL-tryptophan-a-C' was administered to rats by stomach 
tube and intraperitoneal injection. Serine, alanine, aspartic acid 
and glutamic acid were isolated from protein hydrolysates of 
tissue and liver proteins and degraded to determine the position 
of labeling. The observed labeling patterns indicate a conversion 
of tryptophan-a-C™ to pyruvate-2-C™, and are consistent with 
the catabolism of the administered tryptophan chiefly by the 
kynurenine-3-hydroxyanthranilic acid pathway. 
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Since it is now apparent that a-aceto-a-hydroxybutyrate 
and a-acetolactate are the most probable precursors in the 
biosynthesis of isoleucine and valine, respectively (1-4), the 
accumulation of the expected decarboxylation products of 
these acids by a mutant of Neurospora requiring both isoleucine 
and valine becomes of considerable interest. , 

This communication describes the isolation and _ identifica- 
tion of two carbinol compounds, acetylmethylcarbinol! and 
acetylethylearbinol, in the form of the pteridines which can 
be derived from them and presents evidence to show that these 
carbinols are probably derived from AL and AHB which pre- 
sumably accumulate because of a block in the biosynthesis of 
valine and isoleucine, respectively. 


EXPERIMENTAL 


Materials—The mutant strain of Neurospora crassa, T304, 
described in this communication, was isolated from ultraviolet- 
irradiated conidia of the wild type strain, Emerson 5256A. 

Strain T304 does not grow on the minimal medium of Fries 
(5). It responds only to L-isoleucine and tL-valine present 
simultaneously as supplements to the minimal medium. When 
it is crossed to wild type the isoleucine-valine requirement 
segregates as a single gene. Genetic data concerning its link- 
age relationships with other isoleucine-valine mutants will 
be published elsewhere. 

pL-a-acetolactic acid and pL-a-aceto-a-hydroxybutyric acid 
were synthesized by the method described by Krampitz (6). 
In the synthesis of AHB,! ethyl iodide was used instead of the 
methyl iodide employed in the synthesis of AL. AMC used 
as a standard was obtained from the Matheson Company, Inc. 
AEC was synthesized by the decarboxylation of p1-a-aceto-a- 
hydroxybutyric acid with 5 N sulfurie acid. 2,4,5-Triamino- 
6-hydroxypyrimidine dihydrochloride was prepared from the 
sulfate by the procedure of Albert and Wood.(7). 

Growth of T3804 and Accumulation of Carbinols—T304 has been 
found to grow only when L-isoleucine and t-valine are available. 


* These studies were aided by Grant No. C-2269 from the 
National Cancer Institute, National Institutes of Health, United 


‘ States Public Health Service, and by the Robert A. Welch Founda- 


tion, Houston, Texas. 
'The abbreviations used are: AMC, acetylmethylearbinol 
(3-hydroxy-2-butanone). AHB, a-aceto-a-hydroxybutyrate; AL, 


a-acetolactate; AKC, acetylethylearbinol, (3-hydroxy-2-penta- 
none). 
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The p-isomers or combinations of the p-isomer of one with the 
L-isomer of the other are completely ineffective in stimulating 
growth. .-threonine, a-ketobutyric acid, and DL-a-amino- 
butyric acid have been tested singly and with various combina- 
tions of a,@-dihydroxyisovaleric acid, a ,8-dihydroxy-6-methyl- 
valeric acid, a-ketoisovaleric acid and a-keto-@-methylvaleric 
acid as possible growth stimulators. None proved satisfactory 
alone or in combination when tested over a range of 10 to 100 
umoles per 25 ml. 

Curve A of Fig. 1, illustrates the stimulation of growth by 
increasing amounts of L-valine and L-isoleucine, present in 
equimolar ratios. 

The pH of the medium is an important factor in the growth 
of T304 as is shown by the data in Fig. 2. Whereas the wild 
type of strain, Em5256A, is little influenced in its growth rate 
by changes in pH from 4.5 to 8.0, T304 does not grow in the 
presence of L-isoleucine and t-valine above pH 7.0. Unless 
otherwise indicated in the experiments described below, the 
growth medium was adjusted to pH 4.5. 

When growing in the presence of suboptimal amounts of 
L-isoleucine and t-valine, strain T304 was found to accumulate 
compounds which gave a positive Vosges-Proskauer test as 
modified by Westerfeld (8). This phenomenon is illustrated 
in Fig. 1, Curve B. These compounds proved, after analysis, 
to be AMC and AEC as indicated by the results given below. 

Identification of AMC and AEC—A positive Westerfeld test 
(8) for AMC or diacetyl is also given by AEC. Therefore an 
additional test is necessary to distinguish between the two 
carbinols. 

T304 was grown in 125-ml. flasks at 30° for 4 to 5 days in 
minimal medium supplemented with 10 uwmoles per 25 ml. of 
L-isoleucine and of t-valine. The media from a number of 
flasks were pooled after removal of the mycelia and subjected 
to steam distillation. The approximate amount of carbinols 
present in the distillate was determined by the Westerfeld test 
(8). 3 equivalents of an aqueous solution of 2,4,5-triamino-6- 
hydroxypyrimidine dihydrochloride were added to the distil- 
late. The solution was heated at 100° for 30 minutes, and then 
adjusted to pH 7.0 with 5 n NaOH. The precipitate which 
resulted after heating and neutralization was separated from 
and washed free from the supernatant solution by centrifuga- 
tion with successive washings of distilled water and absolute 
ethanol. It was then dried in a vacuum. 

Carbinols are expected to react with the triaminohydroxy- 
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Fic. 1. Curve A, increase in dry weight of T304 with increase 
in concentration of isoleucine and valine. 
of amount of carbinol accumulated by T304 on concentration of 
isoleucine and valine initially present. 
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Fic. 2. Growth of T304 on media of various pH levels as com- 
pared to wild type. 
supplemented with 10 ywmoles of L-valine and 10 yumoles of L 
isoleucine per 24 ml. 
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Fic. 3. Formation of pteridines from the reaction of carbinols with 2,4,5-triamino-6-hydroxypyrimidine dihydrochloride 


pyrimidine as shown in Fig. 3. AEC condensing with 2,4, 
5-triamino-6-hydroxypyrimidine 


6-methyl-7 


methyl-2-amino-4-hydroxypteridine, although the former 


dihydrocholoride can give 
-ethyl-2-amino-4-hydroxypteridine or 6-ethyl-7- 


compound should be favored. However, since the Ry values 
and the ultraviolet absorption spectra of the two isomer 
will be very similar, if not identical, the determinations pre- 
sented here are not affected by the ambiguity in this reaction. 
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We found that the pteridines formed from the reference 
standard AMC and AEC gave fluorescent spots on paper which 
have identical Rr values with the two pteridines found in the 
steam distillate of the medium from T304. This was true for 
all solvent systems tried. The data are given in Table I. 

The pteridine derivatives from T304 were purified by dis- 
solving the crude, washed precipitate described above in 1 
per cent ammonia and streaking the solution on heavy, No. 17 
Whatman filter paper. The expected two fluorescent bands 
were separated by ascending chromatography with a solvent 
system consisting of 1 per cent ammonia and n-propanol, 1:2, 
volume for volume. The bands were cut out and the material 
was eluted with 1 per cent ammonia. After removal of the am- 
monia and water by vacuum distillation, the resulting crystals 
were used for infrared and x-ray analysis. Infrared spectra 
of the standard and isolated substances were made with the use 
of KBr pellets. The spectra of the standards and of the iso- 
lated substances were identical over a range of 2 to 16 yu. The 
x-ray diffraction powder patterns were also identical for stand- 
ard and isolated substances. The powder patterns were ob- 
tained with the high angle Norelco diffractometer and CuK 
radiation. 

It is evident from Fig. 3 that diacetyl will also form a 6,7- 
dimethyl-2-amino-4-hydroxypteridine. Since this derivative 
is identical to that expected from AMC, the above data fail to 
distinguish between AMC and diacetyl, or AEC and its oxidized 
derivative. This differentiation was accomplished according 
to the method of White et al. (9) and Masuda (10) for diacetyl 
determinations. The method is specific for diacetyl and the 
oxidized product of AEC, pentane-2 ,3-dione. 

In order to apply this test it was found necessary to grow 
T304 in a glucose rather than a sucrose minimal medium, 
because the sucrose was found to interfere with the test reac- 
tion. In addition to 2 per cent glucose the medium contained 
10 pmoles of L-isoleucine and of L-valine per 25 ml. 

Medium from T304 cultures grown for 115 hours at 30° gave, 
as expected, a positive Westerfeld test (8). However, the same 
medium gave a negative test for diacetyl by the test of White 
etal. (9). 100 ml. of the culture medium were oxidized by the 
addition of 1 ml. of concentrated HeSO, and 5 ml. of 50 per cent 
FeCl; solution. This reaction mixture was then distilled. The 
distillate showed a very strong test for diacetyl (9, 10). There- 
fore the compounds accumulated by T304 are AMC and AEC 
and not their oxidized derivatives, diacetyl and pentane-2,3- 
dione. 

Relative Amounts of AMC and AEC Accumulated—T304 was 
grown on various concentrations of L-valine and L-isoleucine 
for 115 hours at 30° in 125-ml. flasks containing 25 ml. of me- 
dium. Pteridines were formed as described above, and the 
crystals were dried and weighed on a Cahn Electrobalance. 
The weighed portions were then taken up in 1 per cent ammonia 
and streaked on Whatman No. 3 filter paper. The streaks 
were submitted to chromatography in 1 per cent ammonia in 
n-propanol, 1:2 volume for volume. The two fluorescent 


bands which developed were cut out and the fluorescent ma- 
terial was eluted with 1 per cent ammonia. 

With the use of the known constants for 6,7-dimethyl-2- 
amino-4-hydroxypteridine (11) and a corrected curve for the 
methyl ethyl compound, the amounts of the isomers were de- 
termined by measurement of their optical densities at 355 
mu in 0.1 N sodium hydroxide. 


Table II gives the results of 
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TABLE I 


Rr values for pteridines derived from acetylmethylcarbinol and 
acetylethylcarbinol in various solvent systems 


Acetylmethylcarbinol! Acetylethylcarbinol 
Solvent system 
Isolated | Standard | Isolated | Standard 
n-Propanol + 1% ammonia; 
2:1, volume for volume....| 0.52 0.52 0.68 0.69 
sec-Butanol + formic acid + 
8:2:5, volume for vol- 
tert-Butanol + pyridine + 
H.O; 60:15:25 volume for 
0.60 0.59 0.78 0.74 
n-Butanol + acetic acid + 
H,0O; 4:1:1, volume for vol- 
3% Aqueous ammonium chlo- 
4% Aqueous sodium citrate..| 0.48 0.47 0.53 0.52 
TaB_eE II 


Relative amounts of acetylmethylcarbinol and acetylethylcarbinol 
pteridine derivatives accumulated by T304 


-Valine/ | | Total AMC AEC Total | 
medium graphed eluted eluted recovered 
umoles pmoles Meg. weg. % 
2 10 670 421 73 494 86.0 
2 6 470 400 | 30 430 93.0 
2 2 250 199 | 26 225 88.5 
6 2 590 4 59 563 89.5 
10 2 070 382 191 573 66.7 


such determinations made on the pteridines formed from AMC 
and AEC accumulated in cultures containing various ratios 
of t-isoleucine and L-valine. It is evident that more AMC 
than AEC is accumulated. Only when the ratio of L-valine 
to L-isoleucine is 10:2 does the ratio by weight of AMC to AEC 
approach 1:1. Efforts to induce more AEC accumulation 
relative to AMC failed, because when the ratio of L-valine to 
L-isoleucine is increased beyond 5:1, T304 does not grow. 

Decarborylase Activity for AL and AH B—As mentioned above, 
we may assume that the carbinols, AMC and AEC, are products 
resulting from the decarboxylation of AL and AHB, respectively. 
Not only do these acids decarboxylate spontaneously in an acid 
medium such as the one in which the mold is grown, but we 
have also found that the mycelium contains a decarboxylase 
which readily converts the acids to the carbinols, with the evo- 
lution of carbon dioxide. 

Both T304 and wild type were grown in a medium supple- 
mented with 10 uwmoles of L-isoleucine and L-valine for 3 days 
at 30°. The mycelium was washed free from the medium and 
ground in cold 0.1 mM phosphate buffer at pH 6.2, in a TenBroeck 
grinder. The slurry was centrifuged at 40,000 x g in a Spinco 
centrifuge for 30 minutes. The resultant supernatant solution 
was diluted to contain approximately 1 mg. of protein per ml. 
as determined by the test of Lowry et al. (12). Decarboxyla- 
tion of AL and AHB was measured manometrically by deter- 
mining the rate of CO: liberation in a water bath maintained 
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TaB_e III 


Enzymatic decarbozylation rates for AHB and AL by extracts of 
strains T304 and Emé256A 


Amount COz tenn 
spontaneous decarboxy ation Spontaneous 
Substrate decarboxylation 

T304 | EmS256A 

ul. /30 min./mg. protein pl./30 min, 
15.6 15.1 13.9 
at 35°. The control Warburg flasks contained 100 yumoles of 


either AL or AHB in a total volume of 3 ml., including 2 ml. 
of 0.1 m phosphate buffer, adjusted to pH 6.2. The experimental 
flasks contained 1.0 ml. of enzyme extract initially in the side 
arm, and 1 ml. of the phosphate buffer and 100 umoles of one of 
the acids in the main compartment to make a total volume of 3 
ml. The pH of 6.2 had previously been determined to be the 
optimal one for this enzymatic decarboxylation under the above 
conditions. Decarboxylation, both spontaneous and enzy- 
matic, proceeded at a linear rate for at least 1 hour. The 
decarboxylase activity of the mycelial extracts of both strains 
for the two substrates, AHB and AL, as well as the spontaneous 
decarboxylation rates for these two 8-keto acids are given in 
Table III. The spontaneous decarboxylation rates have been 
subtracted from the enzymatic rates. Boiled enzyme extracts 
were tested under the same conditions, and gave the same rate 
as the spontaneous rates. The addition of cocarboxylase had 
no effect on the activity of the extracts, even after dialysis. 
The enzymatic decarboxylation activity appears to be inde- 
pendent of the age of the mycelium, both for the wild type and 
strain T304, since mycelium, grown for 48, 69, and 96 hours 
showed approximately the same specific activity. 

Evidence for Accumulation of AL and AH B—An estimation 
of the amount of AL and AHB in the medium and the mycelium 


TABLE IV 


B-Keto acids accumulated in the medium by mycelium of strain T304 
incubated in minimal medium for 17 hours 


Total carbinols 
Age of mycelium Dry weight 8-Keto acids 

Before acid | After acid 
treatment treatment 

hrs. meg. ug./25 ml. ml. % 

47 14 140 890 86 

72 25 280 1813 87 

TABLE V 


8-Keto acids accumulated in mycelium of T304 incubated in minimal 
medium for 17 hours 


Total carbinols for total 
dry weight mycelium 
Age of mycelium Dry weight 8-Keto acids 
Before acid | After acid 
treatment treatment 
hrs. mg. BE. ME. % 
46 26 1.5 6.0 80 
68 106 10 56 85 
90 34 5.5 30 86 
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of T304 was made with the Westerfeld method (8) by testing 
the medium and mycelial extract before and after treatment 
with acid. The difference between the estimations, before and 
after acid treatment, was taken as a measure of the amount of 
intact AL and AHB accumulated. 

Since T304 grows well only at an acid pH, a condition which 
results in the spontaneous decarboxylation of AL and AHB 
excreted into the medium, we attempted to bring about the ac- 
cumulation of AL and AHB under alkaline or neutral condi- 
tions in resting cultures. 

T304 was grown in a medium containing 10 uwmoles each of 
L-isoleucine and L-valine per 25 ml. at a pH of 4.5 and a tem- 
perature of 30° for periods of 47 and 72 hours. The mycelium 
was then removed and placed in minimal medium buffered to 
a pH of 7.1. The mycelium was incubated in this medium at 
30° for 17 hours, then removed, dried and weighed, and the 
medium was assayed for carbinols before and after acid treat- 
ment. The acid treatment consisted of the addition of 0.5 ml. 
of 5 N H.SO, to each aliquot taken for assay. This was heated 
to 60° for 5 to 10 minutes, and neutralized with 4 Nn NaOH be- 
fore making it up to the standard 5-ml. volume. The results 
are given in Table IV. 

AL and AHB can also be demonstrated in the mycelium after 
the decarboxylase activity of the mold is inactivated. T304 
was grown as described above for various periods. 0.5 to 1 gm., 
wet weight, of mycelium was washed free from medium with 
distilled water, and then ground in a TenBroeck grinder with 
10 to 15 ml. of 95 per cent ethanol. The ethanol extract was 
separated by filtration with a Buchner funnel using a previously 
weighed filter paper. The filter paper was dried after filtration 
and weighed to determine the amount of ethanol-insoluble 
residue. The ethanol-soluble fraction was tested directly for 
the presence of carbinols after we had first determined that 
ethanol did not interfere with the test. Acid treatment was 
effected by adding 0.5 ml. of 2 N H.SO, to 2 ml. of ethanol ex- 
tract, and heating to 60° for 10 minutes. The heated solution 
was neutralized with 4 N NaOH and tested for carbinols by the 
Westerfeld method (8). We found that, as in the mediun, 
B-keto acids, presumably AHB and AL, accumulate in the my- 
celium, as can be seen by the data given in Table V. It is 
evident, too, that relative to the carbinols, AHB and AL occur 
in about the same percentage in the mycelium as they do in 
the medium. 

The mycelium and medium of the wild strain, Em5256, 
were tested in the same way as the mutant strain, T304. Only 
traces of carbinols and 6-keto acids were detected in the medium 
of young (48-hour) cultures, and only negative tests were ob- 
tained with the ethanolic extracts of the wild type mycelium. 

Relation of Disappearance of Isoleucine from Medium to Ap- 
pearance of Carbinols—It seems from Fig. 1, Curve B, that under 
the conditions described the L-isoleucine and L-valine present 
as growth stimulators possibly inhibit the formation of the 
earbinols, AMC and AEC. This phenomenon is of some 
interest, since it indicates a possible feedback effect similar to 
that found by Umbarger et al. (13) in a mutant of Escherichu 
coli. In order to explore this possibility further, cultures of 
strain T304 were grown on L-isoleucine and t-valine, and the 
amounts of both amino acids present in the medium after various 
periods of growth were determined by bioassay with Leuconostoc 
mesenteroides P60. Concomitantly, total carbinols in_ the 
medium were determined by the Westerfeld test, and the my- 
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Fic. 4. Relation of disappearance of isoleucine to the ap- 


pearance of carbinols in the medium of strain T304.  ------- , data 
for cultures with 21 wg. per ml. of isoleucine initially present. 
——, data for cultures with 32 ug. per ml. of isoleucine initially 
present. @, concentration of isoleucine; O, concentration of 
earbinols. 


celium was dried and its weight was determined. Fig. 4 gives 
the results of two series of experiments in which initially 52 yg. 
and 21 wg. of both L-isoleucine and L-valine per ml. were present 
in the growth flasks. Only the results from the determinations 
of L-isoleucine disappearance are given. Those for L-valine 
were similar and paralleled the data for isoleucine. It is ap- 
parent from the data that the carbinols do not begin to appear 
in the medium until the isoleucine and valine levels in it are 
very low. 


DISCUSSION 


The accumulation of AEC and AMC by T304 may be con- 
sidered as evidence that this strain is also accumulating AHB 
and AL which are spontaneously and enzymatically decarboxyl- 
ated to AEC and AMC, respectively. This conclusion is based 
on the facts that (a) AHB and AL, being @-keto acids, are 
spontaneously decarboxylated at an acid pH such as the one 
at which this strain is grown, that (b) Neurospora, including 
strain T304, possesses an active decarboxylase which converts 
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AHB and AL to their respective carbinols, and that (c) when 
the mycelium is incubated at an alkaline pH, at least 6 times 
more carbinol is detected in the medium after treatment with 
acid than when the medium is tested for carbinols before acid 
treatment. There still remain the possibilities, not excluded 
by the above evidence, that AEC and AMC are formed first in 
metabolism, and then the respective keto acids are formed from 
them, or that AEC and AMC are formed independently of 
AHB and AL as in the biosynthesis of AMC directly from pyru- 
vate and acetaldehyde as described by Juni and Heym (14) and 
Dawson et al. (15). 

Adelberg (16) and Strassman and Weinhouse (17) have postu- 
lated, on the basis of experiments with radiocarbon-labeled 
compounds, that isoleucine and valine are synthesized in metab- 
olism via a-aceto-a-hydroxybutyric acid and a-acetolactic 
acid, respectively. More recently direct evidence for the partic- 
ipation of these compounds as intermediates has been presented 
by Strassman e¢ al. (3) for valine biosynthesis in Saccharomyces 
cerevisiae, by Umbarger (1, 2) in Escherichia coli, and by Wagner 
et al. (4) in Neurospora crassa for both valine and isoleucine. 
The latter workers (4) give evidence to show that AHB and AL 
are converted enzymatically to isoleucine and valine via the 
a,8-dihydroxy acids, previously shown by Adelberg et al. 
to be probable precursors (18-21). See Fig. 5 for details. 

In view of the above findings the discovery of a mutant strain 
which requires isoleucine and valine, and which accumulates 
AEC and AMC and most probably AHB and AL, can be con- 
sidered to add further evidence to that already given that AHB 
and AL are precursors to isoleucine and valine, respectively. 
Strain T304 presumably has a genetic block between AHB and 
AL and their respective postulated derivatives, a-keto-6-hy- 
droxy-8-methylvaleric acid and a-keto-@-hydroxvisovaleric acid 
as shown in Fig. 5. Wagner et al. (4) have shown that although 
crude extracts of a certain strain of Neurospora, (16117), can— 
convert AHB and AL to the dihydroxy acids, crude extracts 
of strain T304 do not. Both strains, however, possess an active 
enzyme which reduces the a-keto-6-hydroxy acids to the dihy- 
droxy acids in the presence of TPNH. T304 has also been shown 
to possess active dihydroxy acid dehydrases (22) which convert 
the dihydroxy acids to the keto acids, and active transaminases 
which convert the respective keto acids to isoleucine and valine 
(22). The tentative conclusion can be drawn, therefore, that 
1304 lacks the enzyme or enzymes which catalyze the rearrange- 
ment of AL and AHB to a-keto-6-hydroxyisovaleric acid and 
a-keto-B-hydroxy-B-methylvaleric acid. It is of interest tha 


Hs CHs 
CH3CH2C-OH C=O H¢- OH vio keto acid 
coo~ 
e-aceto — hydroxy «-keto- «,8— dihydroxy- 
butyrote hydroxy- — methyl methylvolerate 
volerate 
CH3 CH3 = CH3 
Cs CH3 ¢-OH CH3 to voline 
CH3 C-OH ¢=0 ¢-OH via keto acid 
coo” 
— ocetolactate -keto-f — -dihydroxy- 9 - 
hydroxyisovolerate isovolerate 


Fig. 5. Postulated pathway of isoleucine and valine from a-aceto-a-hydroxybutyrate and a-acetolactate 
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an apparent single mutation causes this block. This finding 
may indicate that only a single enzyme is needed for the con- 
version of both compounds. In this sense this strain is similar 
to the Neurospora strain, 16117, which is deficient in dehydrase 
activity for the dihydroxy acid precursors of both valine and 
isoleucine (23). 

The failure to detect AMC and AEC in the medium of T304 
until the external supply of valine and isoleucine has been ab- 
sorbed completely or almost completely by the mycelium indi- 
cates that valine and isoleucine inhibit the formation of AL and 
AHB. This conclusion is in agreement with that of Umbarger 
et al. (13), who found that a valineless mutant of E. coli produced 
the most active AL-forming system only when the cells were 
incubated in the presence of limiting amounts of valine. These 
observations are in general agreement with the now well sup- 
ported hypothesis that certain end products of primary metabo- 
lism inhibit their own formation, presumably thus acting as 


metabolic regulators (24). 


Carbinols from a Neurospora Mutant 


Vol. 234, No. 2 


SUMMARY 


1. A mutant of Neurospora crassa is described which requires 
both isoleucine and valine for growth and accumulates both 
acetylmethylcarbinol and acetylethylcarbinol. 

2. A method is given for the detection and determination of 
acetylmethylcearbinol and acetylethylcarbinol based on their con- 
version to pteridines. 

3. Evidence is given that acetylmethylcarbinol and acetyl- 
ethylcarbinol are probably derived from a-acetolactic acid and 
a-aceto-a-hydroxybutyric acid, respectively, by decarboxylation. 
These results are taken as further evidence that a-acetolactic 
acid and a-aceto-a-hydroxybutyric acid are precursors of valine 
and isoleucine respectively. 

4. The accumulation of the two carbinols occurs in detectable 
quantities only when the isoleucine and valine required for growth 
are completely or are almost completely gone from the growth 
medium. This phenomenon is taken as another example of an 
end product inhibiting its own biosynthesis. 
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Previous work from this laboratory showed that subcutaneous 
injection of carrageenan induced formation of a massive, col- 
lagenous granuloma in guinea pigs (1). In the absence of ade- 
quate ascorbic acid an equally large granuloma formed which, 
however, contained very little collagen. This collagen-poor, 
“seorbutic” granuloma could be changed within 3 days to a 
typical collagenous granuloma by the administration of ascorbic 
acid. Concentration of hydroxyproline in the granulomas in 
each case paralleled collagen concentration. This suggested 
that ascorbic acid might be essential for hydroxyproline synthesis 
(1). 

Proline has been established as a major precursor of hydroxy- 
proline in the intact animal and in tissue culture (2-4). Results 
presented here show that the conversion of proline to hydroxy- 
proline is impaired in the ascorbic acid-deficient guinea pig; 
however, the results are not readily reconciled with previously 
suggested mechanisms for the synthesis of hydroxyproline in the 
collagen molecule. 


EXPERIMENTAL 


Carrageenan! granulomas were induced in guinea pigs essen- 
tially as described previously (1). Eight animals were given 
intraperitoneal injections of 8 we. of uniformly labeled proline- 
C42 on the 11th day of granuloma development and subsequently 
at 12-hour intervals until a total of 48 ue. had been administered. 
On the 14th day, 12 hours after the last injection, the animals 
were killed by decapitation. All eight animals were fed a Mac- 
donald No. 5 scorbutigenic diet (5). Three received a daily 
supplement of 25 mg. of ascorbic acid and developed normal 
granulomas; three received no ascorbic acid during the period 
of granuloma development and developed scorbutic granulomas; 
two animals comprising the recovery group received no ascorbic 
acid until the 11th day after which daily doses of 100 mg. were 
administered. During the period of isotope administration 


* This work was supported in part by Research Grant No. 
A-360 from the National Institutes of Health, United States 
Public Health Service. 

1Mr. David Stoloff, Seaplants Chemical Corporation, New 
Bedford, Massachusetts, kindly supplied generous samples of 
purified carrageenan. 

2 The uniformly labeled proline-C" used for 6 guinea pigs had 
& specific activity of 8.9 uc. per wzmole, that used for 2 guinea pigs 
had a specific activity of 13.1 ue. per umole. 


weight gain in all guinea pigs was prevented by restricting food 
intake. 

Proline and hydroxyproline, when present, were isolated from 
collagen and noncollagen fractions of granuloma and from 
serum proteins. The macerated tissues were extracted 3 times 
during 24 hours with 7.5 per cent trichloroacetic acid at 4° to 
obtain the nonprotein fraction. Besides free amino acids and 
peptides, this extract probably contained acid-soluble collagen 
(6). Collagen was then obtained according to the procedure of 
Fitch et al. (7) in which the residue remaining after extraction 
with cold trichloroacetic acid is extracted 3 times for 30 minutes 
with 5.5 per cent trichloroacetic acid at 90°. The residue re- 
maining after extraction with the hot acid and consisting of 
noncollagen protein was also analyzed. This contained no 
demonstrable hydroxyproline. 

After centrifugation and filtration at 4° the clear trichloro- 
acetic acid extracts were hydrolyzed by refluxing for 24 hours 
with an equal volume of concentrated hydrochloric acid. The 
residues remaining after extraction with hot trichloroacetic acid 
were dried with alcohol and ether, and an aliquot was hydrolyzed 
by refluxing for 24 hours with 6 N hydrochloric acid. All hy- 
drolysates were treated with charcoal, filtered, and evaporated 
in a vacuum several times to remove hydrochloric acid. 

Aliquots of the hydrolysates were treated with excess nitrous 
acid in acetic acid for 10 minutes at room temperature and for 3 
minutes at 100°. Excess nitrous acid was decomposed with 
ammonium sulfamate and the nitroso-imine acids were hydro- 
lyzed by refluxing for 2 hours in 3 N hydrochloric acid. After 
evaporation and removal of the hydrochloric acid in a vacuum, 
the residues were desalted; adsorption ona 9- &* 250-mm. Dowex 
50-H+ column was followed by elution with 2 N ammonium 
hydroxide. 

After removal of ammonia and drying in a vacuum, the imino 
acid residue was dissolved in 0.1 N hydrochloric acid. The 
hydroxyproline and proline in an aliquot were separated by 
elution chromatography on a 9- X 400-mm. column of Dowex 
50 in the hydrogen form but otherwise prepared according to 
Moore and Stein (8). Hydroxyproline was eluted with 1.5 n 
hydrochloric acid after which 4 Nn hydrochloric acid was used to 
elute proline. 10-ml. fractions were collected. 

Fractions, usually two or three, containing significant amounts 
of proline or hydroxyproline were evaporated to dryness, and 
the separated imino acids were dissolved in a small volume of 
alcohol. Aliquots were analyzed for proline according to Chi- 
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TABLE I 
Specific activity and concentration of imino acids in collagen and noncollagen fractions of granuloma 
Guinea pigs received 8 we. of uniformly labeled proline-C™ intraperitoneally on the 11th day of granuloma development and at 12- 
hour intervals until 48 we. had been administered; 12 hours after the last dose the animals were killed; the granulomas were extracted 
3 times with 7.5 per cent trichloroacetic acid at 4° then 3 times with 5.5 per cent trichloroacetic acid at 90°; proline or hydroxyproline 
or both were isolated from these extracts and from the insoluble residue. 


Normal (3)* Scorbutic (3)* Recovery (2)* 
Fraction 
Proline | Proline Proline | Proline Proline ~ | Proline 
c.p.m./pmolet pmoles/gm.t c.p.m./pmolet pmoles/gm.t c.p.m./pmolet pmoles/gm.t 
Hot trichloroacetic 
acid extract....... 1560 1570 18.8 | 13.7 1860 890 7.35 | 3.00 2690 2840 16.7 | 12.2 
(Collagen) (1450-1630), (1470-1760) (1550-2050) (314-1420) (1970-3410) | (2240-3440) 
0.63§ 0.63§ 0.55§ 0.23§ 0.77§ 0.82§ 
Cold trichloroacetic 
acid extract...... 2170 | 2430 2.6 0.69 2680 2300 1.9 | 0.23 2840 3020 2.1) 0.84 
(Amino acids and | (1920-2350) (2330-2540) (2570-2880) (1470-2800) (2360-3320) | (2290-3740) 
peptides) 0.88§  0.98§ 0.81§ 0.65§ 0.82§ 0.87§ 
Trichloroacetic acid- 
insoluble..... : 2050 2650 2620 
(Noncollagen protein); (1910-2300) (2400-2810) (2130-3130) 
0.93§ | 0.79§ 0.76§ 


* Number of guinea pigs in each group. 


t Specific activities were determined on isolated proline and hydroxyproline. 
t Concentrations of proline and hydroxyproline per gram of fresh tissue were determined on deaminated, desalted extracts. 
§ Ratio of specific activity to specific activity of proline from serum proteins of the same animal. 


nard (9) and for hydroxyproline by a modification of the method 
of Neuman and Logan (10). Aliquots were plated at infinite 
thinness and assayed for C content in a windowless flow counter. 
The homogeneity of the samples was demonstrated by paper 
chromatography with the use of butanol-acetic acid as a de- 
veloping agent. Chromatograms were stained with ninhydrin 
and scanned with a windowless flow counter. In no case was 
more than 3 per cent of either ninhydrin-positive or radioactive 
contamination found. 


RESULTS 


The specific activities and amounts of hydroxyproline and 
proline isolated from the collagen and noncollagen fractions of 
carrageenan granulomas from normal and ascorbic acid-deficient 
guinea pigs and from guinea pigs recovering from ascorbic acid 
deficiency are presented in Table I. The ratios of these specific 
activities to the specific activity of proline from serum proteins 
in the same animal are also presented so that proline incorpora- 
tion in granuloma can be compared with that in a protein from 
other than connective tissue. 

The rapid collagen synthesis in the normal and especially in 
the recovery granulomas is reflected in the high specific activities 
of the proline and hydroxyproline from these collagens. The 
much lower specific activity of the hydroxyproline from the 
scorbutic granulomas is consistent with decreased collagen 
synthesis. However, even a specific activity of 890 c.p.m. per 
umole for hydroxyproline was higher than anticipated since 
previous work (1) had suggested no synthesis of collagen in the 
scorbutic granuloma during the period of isotope administration 


(11th to 14th day). 
The specific activity of proline in the scorbutic granuloma was 


relatively high, attributable, probably, to the presence of non- 
collagen protein. The ratio of molar concentrations of hy- 
droxyproline to proline, 0.42, confirms this, for it is much lower 
than it is in collagen from either the normal or recovery granu- 
loma (0.73) or than values of 0.69 to 0.85 reported in the recent 
literature (11, 12) for various mammalian collagens. The molar 
ratio of hydroxyproline to proline in all of the cold trichloroacetic 
acid extracts was far less than that characteristic of collagen, 
and there is little question here of the presence of proline from 
noncollagen sources. 

Since proline is the precursor of hydroxyproline, it was sur- 
prising to find the specific activity of the hydroxyproline greater 
than that of the proline in both collagen and in cold trichloro- 
acetic acid extracts. In eight of the ten extracts (hot and cold 
trichloroacetic acid) from nonscorbutic granulomas, the specific 
activity of the hydroxyproline exceeded that of the proline; in 
five, the ratio of the specific activity of hydroxyproline to that of 
proline was greater than 1.05 (1.08 to 1.18); in four, it was be- 
tween 0.95 and 1.05; and in one, it was 0.92. In order to obtain 
ratios greater than 1 it would be necessary for the proline pool 
to have turned over more rapidly than the hydroxyproline pool 
in the 12 hours subsequent to injection with labeled proline. 
Although no data are available on the relative turnover rates in 
the granuloma, we have found that this tissue contains a very 
active proline-synthesizing system.’ 


DISCUSSION 


It has previously been shown that in the absence of ascorbic 
acid, accumulation of collagen in repair tissue is decreased, but 
when ascorbic acid is then administered collagen deposition 


3 Unpublished data. 
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takes place much more rapidly than in normal repair tissue. 
The scorbutic granulomas contain protein which, like collagen, 
is extractable by autoclaving, is soluble in hot trichloroacetic 
acid, and precipitable with tannic acid; unlike collagen however, 
it contains very little hydroxyproline. Since the amount of 
this protein in scorbutic granulomas is about the same as the 
amount of collagen in normal] granulomas and is rapidly replaced 
by collagen when ascorbic acid is administered, it was suggested 
that large amounts of a collagen precursor accumulated during 
an ascorbic acid deficiency (1). 

A tentative hypothesis suggests that during collagen synthesis 
peptide-bonded proline (2) or, more specifically, proline built into 
a precollagenous protein is partially hydroxylated to hydroxy- 
proline, the protein being converted through a series of pre- 
collagens to a true collagen (13). If ascorbic acid were necessary 
for conversion of bonded proline to hydroxyproline, hydroxy- 
proline-deficient precollagen might accumulate during a defi- 
ciency of ascorbic acid. Upon addition of the vitamin, proline 
in this protein should be hydroxylated, and the protein would 
be rapidly converted to collagen (1, 14). 

Gould and Woessner (14) have presented data in support of 
this hypothesis. In the instance of a skin granuloma recovering 
from scurvy, approximately 1 mole of proline was calculated to 
have disappeared for each mole of hydroxyproline formed. 
On the other hand, the amino acid pattern of the hot water- 
soluble and tannic acid-precipitable protein of the scorbutic 
carrageenan granuloma analyzed in this laboratory according to 
the method of Moore and Stein (8) did not exhibit exceptionally 
high concentrations of either proline or glycine and differed so 
much from the amino acid pattern of collagen that it would be 
an unlikely precursor.® 

If the protein which accumulates in a scorbutic granuloma 
were a proline-rich collagen precursor this granuloma would 
contain more trichloroacetic acid-extractable proline than we 
have found. Moreover, the specific activity of the proline and 
hydroxyproline from the normal granuloma would not be lower 
than that from the recovery granuloma, for in the latter 
the bulk of the proline would have been built into collagen 
precursor before either ascorbic acid or uniformly labeled 
proline-C“ was administered; and new collagen derived from 
this precursor would be unlabeled. Contrary to this prediction, 
the specific activities of the imino acids from the recovery 
granulomas were about 50 per cent higher than those of acids 
from the normal. If there is a proline-rich, hydroxyproline- 
deficient, collagen precursor in scorbutic granulomas it is suffi- 
cient to account for only a small fraction of the collagen syn- 
thesized after administration of ascorbic acid. 

If the finding that the specific activity of hydroxyproline is 
higher than that of proline is significant this might also be con- 
sidered to militate against the view that collagen synthesis 
involves the formation of a precollagen of high proline and 
low hydroxyproline content. The ratio of the specific activity 
of hydroxyproline to proline in collagen containing such a 
precursor could be expected to reach 1 as a maximum only when 
collagen synthesis is complete. Piez and Likins (13), instudying 
the lysine-hydroxylysine system, which behaves in collagen 
synthesis like the proline-hydroxyproline system, found ratios 
of specific activity of hydroxylysine to lysine considerably less 
than 1 for more than 6 hours after injection of lysine-C“. They 
interpreted these data as evidence for a collagen-like precursor 
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containing no hydroxylysine. Although free hydroxyproline 
is not incorporated in collagen (2, 3, 15), our findings suggest 
that bound hydroxyproline is not synthesized from proline and 
incorporated with it into collagen as part of a large molecule 
but that proline and bound hydroxyproline enter the precollagen 
molecule as individuals. The first macromolecule synthesized 
would then contain both imino acids as suggested by Jackson 
and Smith (16) after studying collagen formation in tissue 
culture. It might be bette to refer to hydroxyproline which 
is built into collagen as ‘active hydroxyproline” rather than 
bound hydroxyproline. An analogous situation exists in another 
connective tissue constituent, hyaluronic acid, in which instance 
free glucuronic acid cannot be incorporated but must be formed 
from glucose via uridine diphosphoglucuronide (17). 

The answer to the question of whether conversion of proline 
to hydroxyproline requires ascorbic acid remaims equivocal in 
respect to the present data. Accumulation of, hydroxyproline 
in repair tissue apparently ceases after 7 to 10 days of ascorbic 
acid depletion (1, 14). This could be attributable to either a 
direct block in synthesis of hydroxyproline or an inability to 
build the new hydroxyproline into a stable macromolecule, in 
which case it would be rapidly catabolized (18). It is evident 
that some proline continued to be converted to hydroxyproline 
and this built into a protein in our deficient animals. The 
amount of hydroxyproline synthesized in the scorbutic granuloma 
is actually much smaller than its specific activity might suggest, 
because the total amount is much smaller than in the normal or 
recovery granuloma. The data do not appear compatible with 
sustained rapid synthesis and catabolism of hydroxyproline in 
the absence of ascorbic acid. The continued synthesis from 
proline, even though at a decreased rate, may be sustained by 
residual ascorbic acid; or it may be that ascorbic acid is not 
required in the hydroxylation reaction per se, but only to main- 
tain a maximally functioning cellular hydroxylating system. 


SUMMARY 


Uniformly labeled proline-C' was administered for 3 days to 
guinea pigs bearing carrageenan granulomas which were removed 
12 hours after the last injection. Hydroxyproline or proline, 
or both, were isolated from collagen and noncollagen fractions 
and their specific activity was determined. Three animals 
received adequate ascorbic acid, three received none during the 
14 days of granuloma development, and two animals received no 
ascorbic acid for 11 days but were given large amounts con- 
currently with uniformly labeled proline-C"™. 

The concentration of hydroxyproline and its specific activity 
in collagen from the deficient animals were, respectively, 20 per 
cent and 60 per cent of the normal, whereas the respective values 
for animals recovering from ascorbic acid deficiency were 90 
per cent and 180 per cent of normal. Thus, ascorbic acid appears 
to be required for maximal conversion of proline to hydroxy- 
proline in this system. The data do not support the hypothesis 
that a proline-rich, hydroxyproline-deficient precursor of collagen 
accumulates in the vitamin-deficient granuloma. 

In several extracts the specifie activity of hydroxyproline 
exceeded that of proline. Since free hydroxyproline is not known 
to be incorporated into the collagen of postnatal rodents, this 
finding suggests that there is a pool of “active’’ hydroxyproline 
derived from, but distinct from, the proline pool. 
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Metabolism of Phosphoserine 


I. EXCHANGE OF Lt-SERINE WITH PHOSPHOSERINE* 


FrANcIS C. NEUHAUST AND WILLIAM L. ByRNE 


From the Department of Biochemistry, Duke University School of Medicine, Durham, North Carolina 


(Received for publication, August 1, 1958) 


Phosphoserine has been reported to occur in cells (1-3), but 
until recently there was no evidence of its participation in 
intermediate metabolism. Data presented by Ichihara and 


| Greenberg (4, 5) indicated that P-serine! is an intermediate in 


the biosynthesis of serine from carbohydrate precursors in rat 


Similar observations have been made by Smith and 
Two other 


liver. 
Gunsalus? with cell-free extracts of Escherichia colt. 


pathways for the metabolism of P-serine which have been 
- suggested are the decarboxylation to phosphoethanolamine (6), 
and formation of glycine and a phosphorylated 1-carbon frag- 


ment (7). 

Preliminary attempts with chicken liver homogenates from 
laying hens to show either the decarboxylation or the formation 
of glycine and a phosphorylated 1-carbon fragment were nega- 
tive. In those experiments in which L-serine-C™ and unlabeled 
P-serine were incubated together, however, it was observed that 
serine was rapidly incorporated into the P-serine pool. It has 


been concluded that an enzyme present in chicken and rat 


liver dephosphorylates P-serine and catalyzes the exchange of 
L-serine with the serine moiety of t-P-serine. The observa- 
tions that lead to this conclusion are the subject of this paper. 
A preliminary report of these results has been published (8). 
Similar observations have been made by Borkenhagen and 
Kennedy in their work with rat liver preparations (9). Nemer 
and Elwyn (2) have observed an incorporation of C'*-labeled 


- gerine into P-serine which does not require added ATP. 


EXPERIMENTAL 


Materials—t-serine-C“ was purchased from the Nuclear- 
Chicago Corporation. L-serine was purchased from California 
Foundation for Biochemical Research. 1L-P-serine and DL-P- 
serine were prepared by the method of Neuhaus and Korkes 
(10). u-P-serine-C' was prepared by the following modifica- 
tion of the procedure for the preparation of DL-P-serine. L- 
serine-C“ (21 ywmoles, 75 ue.) was diluted with 50 mg. (475 
umoles) of t-serine. 0.2 ml. of monochlorophosphoric acid was 


* Supported by United States Public Health Service Grant No. 
t Predoctoral Fellow of the National Institutes of Health. 
This work is part of a dissertation to be presented by F. Neuhaus 
for the degree of Doctor of Philosophy at Duke University. 

1The abbreviations used are: P-serine, O-phosphoserine; DL- 
P-serine, DL-phosphoserine; L-P-serine, L-phosphoserine; L-ser- 
ine-C'4, uniformly labeled L-serine; Tris, tris(hydroxymethy])- 
aminomethane; EDTA, ethylenediaminetetraacetic acid; and 
L-P-serine-C, uniformly labeled L-phosphoserine. 

2R. A. Smith and I. C. Gunsalus, personal communication. 


added to the serine, and the mixture was stirred until the serine 
dissolved. The solution was heated at 60° for 2 hours, and the 
reaction was stopped by the addition of 1 ml. of water. 1 ml. 
of 1 n HCl was added to the solution. It was placed in a 100°- 
water bath for 20 minutes, cooled, diluted to 200 ml., and ad- 
justed to pH 7.8 with 5.6 ml. of 1.70 n KOH. The reaction 
mixture was added to a Dowex 1-X2 (200 to 400 mesh) column 
(2.1 X 28 cm.) in the chloride form. The column was washed 
with 0.01 n HCl until the acid appeared. The P-serine was 
eluted with dilute HCl by the use of a linear-gradient elution 
system; the initial concentration was 0.01 N and the final con- 
centration, after 1000 ml., was 0.10 n. The tubes which con- 
tained the L-P-serine-C" were located by measurement of the 
radioactivity and ninhydrin-reactive material of separate 
aliquots. The P-serine peak emerged 2.4-column volumes after 
the gradient elution was begun. The contents of the P-serine- 
containing tubes were combined and concentrated to dryness in 
a vacuum to remove the HCl. The yield was 330 umoles (66 
per cent). 

Analytical Procedures—The a-amino nitrogen of P-serine and 
serine was determined by the method of Troll and Cannan (11). 
In order to obtain maximal color development and consistent 
values for duplicate P-serine determinations, it was found 
necessary to add 50 umoles of HCl to each determination. The 
millimolar extinction coefficient of P-serine in this method in a 
1-cm. cell at 570 my was found to be 20.5. The reported value 
for serine is 21.4 (11). All ninhydrin determinations were run 
in duplicate. Orthophosphate was determined by the method 
of Gomori (12); protein concentrations were determined by the 
method of Lowry et al. (13). The radioactivity of C“ was 
measured with a gas flow counter on stainless steel planchets at 
infinite thinness. Unless otherwise stated, all radioactivity 
measurements have a counting error of less than 5 per cent. 

Enzyme Preparations—All operations were carried out at 0—4°. 
The chicken liver homogenate was prepared by homogenization 
of 10 gm. of chicken liver (from a laying hen) for 1 minute in a 
Potter-Elvehjem homogenizer in 50 ml. of 0.25 m sucrose which 
contained to 0.001 m EDTA, pH 7.4. After the mixture was 
allowed to stand for 5 minutes, it was homogenized again for 
30 seconds. This suspension was centrifuged for 5 minutes at 
600 x g. The cloudy supernatant fluid, designated the ho- 
mogenate, was further centrifuged (Spinco model L ultra- 
centrifuge) at 105,000 x g for 30 minutes. This supernatant 
fluid was designated the chicken liver supernatant fraction. 

The rat liver homogenate and ammonium sulfate fractions 
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TABLE 
Exchange of t-serine-C'* with L-P-serine 
Each tube contained 10 wmoles of MgCle, 50 umoles of Tris 
buffer, pH 7.4, 0.1 ml. of chicken liver homogenate, and additions 
as indicated in a final volume of 1.0ml. The tubes were incubated 
at 32° for 30 minutes. The uwmoles of L-serine exchanged were 
calculated by the method of Duffield and Calvin (15). 


Initial 
Final specific 
specific L-Serine 
Additions Amount activity of — exchanged 
L-P-serine 
Experiment 1 
3.0 
L-Serine-C!**....... 3.2 0.580 0.99 
Experiment 2 
L-P-serine-C4..... 3.3 
3.0 2.24 1.72 0.98 


* Specific activity = 2.38 X 10° c.p.m. per umole. 


TaBLeE II 
Distribution of exchange activity in rat liver 
Each tube contained 50 umoles of phosphate buffer, pH 7.4, 
10 umoles of MgCle, 5 umoles of pL-P-serine, 2.55 uwmoles of L- 
serine-C (specific activity = 0.55 X 10° c.p.m. per umole), and 
the enzyme preparation as indicated in a final volume of 1. 0 ml. 
The tubes were incubated at 31° for 30 minutes. 


Enzyme preparation [Specific activity 
mg./tube 
Rat liver supernatant fraction.......... 0.36 490* 
0-0.33 ammonium sulfate fraction....... 0.42 250* 
0.33-0.66 ammonium sulfate fraction... . 0.48 1100 


* Counting error (standard deviation) of these samples was 
+10 per cent. 


were prepared according to Ichihara and Greenberg? (5). 100 
gm. of livers from 10 rats were homogenized in a Waring Blendor 
for 40 seconds in 200 ml. of 0.1 m phosphate buffer, pH 7.5. 
The homogenate was centrifuged at 3600 x g for 5 minutes, 
and the supernatant fluid was recentrifuged (Spinco model L 
ultracentrifuge) for 30 minutes at 105,000 x g. The super- 
natant layer, 80 ml. in volume, was brought to 0.33 saturation 
by the slow addition of 39.4 ml. of a saturated ammonium 
sulfate solution at 0°. It was then stirred for 30 minutes and 
centrifuged. The precipitate was dissolved in 0.1 m phosphate 
buffer, pH 7.4. The saturation of the 100-ml. supernatant 
fraction was raised to 0.66 by the addition of 100 ml. of a sat- 
urated ammonium sulfate solution. After the mixture had 
been stirred for 20 minutes at 0°, it was centrifuged; the pre- 
cipitate was dissolved in 0.1 mM phosphate buffer, pH 7.4. 

A 0 to 35 per cent ethanol fraction of an extract of chicken 
liver acetone powder was prepared in the following manner. 
2 gm. of chicken liver acetone powder were homogenized for 30 
seconds at 0° in a Potter-Elvehjem homogenizer with 50 ml. of 
0.001 m EDTA, pH 7.4. After the extract had been allowed 


3 Since the observations reported in this paper do not support 
those of Ichihara and Greenberg, the details of the enzyme prep- 
aration have been included. 
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to stand for 30 minutes, it was centrifuged at 3600 x g for 10 
minutes. The supernatant layer, 35 ml. in volume, was brought 
to 35 per cent by volume ethanol concentration by the slow 
addition of 20 ml. of 95 per cent ethanol, previously chilled to 
—40°, while the temperature was slowly lowered to —6°. After 
the solution was stirred for 20 minutes, it was centrifuged for 
10 minutes in polyethylene tubes at 3400 « g at —6°. The 
well drained precipitate was taken up in 0.05 m Tris buffer, 
pH 7.4, which contained 0.001 m EDTA. 

Enzyme Actiity—The specific activity of P-serine was used 
as a measure of the exchange activity. The radioactivity and 
ninhydrin reactivity were determined as described, and the 
specific activity is reported as counts per minute per umole of 
P-serine. The determinations of specific activity were carried 
out on P-serine which had been isolated from the incubation 
mixtures by ion exchange chromatography. The reaction was 
terminated with 1.0 ml. of 0.5 per cent perfluorooctanoic acid 
(14), pH 7.0, and 0.2 ml. of 0.1 Nn HCl. After the protein-free 
filtrate had been adjusted to pH 8.0, the P-serine was isolated 
on a Dowex 1-X2 (200 to 400 mesh) column (1 X 20 ecm.) in 
the chloride form. The column was washed with 3 column 
volumes of 0.012 nN HCl, and the P-serine was eluted with 2.5 
column volumes of 0.015 n HCl. The flow rate was approxi- 
mately 0.6 ml. per minute. The P-serine was located in the 
following manner. A small aliquot of each tube was placed on 
Whatman No. 1 filter paper. The paper was then dried in an 
oven at 80° for 5 minutes, dipped in 0.25 per cent ninhydrin in 
acetone, and finally heated to 80° for 5 to 10 minutes to develop 
the color. In some cases the total P-serine was isolated by 
combining all the ninhydrin-positive material in the P-serine 
peak, but in other cases a representative portion of the total 
P-serine was obtained by taking 1-ml. aliquots from the four 
tubes which contained the most ninhydrin-positive material. 
The columns were reused after they were washed first with 1 x 
HCl for 1 hour and then with distilled water until there was a 
negligible amount of chloride ion (as determined with 1 per cent 
AgNO; in 10 per cent nitric acid). 3 


RESULTS 


When t-serine-C' was incubated in a chicken liver homog- 
énate in the presence of an L-P-serine pool (Table I, Experiment 
1), t-serine-C was rapidly incorporated into P-serine. When 
a pool of t-P-serine-C™ was incubated (Table I, Experiment 2) 
in the presence of a pool of L-serine, the specific activity of 
P-serine dropped; the dilution of the L-P-serine-C™ corresponded 
to the incorporation of L-serine observed in Experiment 1. 
There was no detectable incorporation of radioactivity into 
P-serine when a boiled homogenate was used. These observa- 
tions might be explained by an enzymatic phosphorylation of 
serine to give P-serine or by a phosphatase which catalyzes an 
exchange of C'*-labeled serine with the serine moiety of P-serine. 

In contrast to the above results with a chicken liver ho- 
mogenate, Ichihara and Greenberg (4) found no incorporation 
of radioactive serine into a pool of P-serine by a rat liver am- 
monium sulfate fraction. ‘Table II shows the incorporation of 


L-serine-C™ into P-serine catalyzed by rat liver fractions. The 
activity was greatest in the 0.33-0.66 ammonium sulfate fraction | 


which was the fraction used by Ichihara and Greenberg (4). 


The one difference between the experiments was the position | 


of the label in the serine. Although uniformly labeled serine was 
used in our experiments, Ichihara and Greenberg (4) used 
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TaBLeE III 

Determination of radioactivity tn carboxyl group of P-serine 

Each incubation mixture contained 10 umoles of pL-P-serine, 
31 umoles of L-serine-C' (specific activity = 0.99 * 105 ¢.p.m. 
per zmole), 10 wmoles of MgCl, and 50 umoles of phosphate 
buffer, pH 7.5. Tube 1 contained 1.8 mg. of the chicken liver 
supernatant fraction. Tube 2 contained 2.4 mg. of 0.33-0.66 
ammonium sulfate fraction. The components were incubated 
ina final volume of 1.0 ml. at 31° for 30 minutes. The P-serine 
was separated as described in ‘‘Experimental,’’ and 10 mg. of 
pi-P-serine were added. The samples were subjected to decar- 
boxylation by ninhydrin (16) and plated as BaCOs; on filter paper 
dises (S and S No. 597) which were mounted on E-7B ring and 
dise assemblies obtained from Tracerlab, Inc. These samples 
have been corrected for self-absorption (17). 


Total Expected (Activity found 
Enzyme preparation activity activity in carboxyl 
incorporated* per C-atomt group 
C.p.m. C.p.m. C.p.m. c.p.m. 
Chicken liver... 21,700 7, 230 3,530 3,430 
Rat liver....... 9,150 = 3,050 1,450 1,740 


*The counts per minute incorporated were determined by 
plating aliquots on stainless steel planchets. 

+ The expected counts per minutes were based on the percentage 
recovery (48.8) of carboxyl carbon from a known sample of L-P- 
serine-C!4 which was subjected to decarboxylation by ninhydrin. 


serine labeled only in the carboxyl group. If this exchange 
involves only the B-carbon atom, the carboxyl group of the 
labeled P-serine in our experiments would not have C" radio- 
activity. Incubations were performed to obtain adequate 
quantities of C-labeled P-serine for a ninhydrin degradation to 
determine the amount of radioactivity in the carboxyl group. 
Two enzyme preparations, a chicken liver supernatant fraction 
and a rat liver 0.33-0.66 ammonium sulfate fraction, were 


used. The data in Table III show that approximately 33 per 


cent of the total radioactivity present in P-serine was in the 
carboxyl group. Thus, it seems likely that the incorporation 


with both preparations proceeded by the exchange of the intact 


serine moiety of P-serine. 

The possibility that the exchange activity was the result of a 
serine kinase was eliminated (see Table IV) by showing that 
added ATP in the presence of Mg++ did not stimulate the 
exchange catalyzed by a dialyzed ethanol fraction of chicken 
liver. Mg** was needed to restore the activity of the dialyzed 
preparation. Similar experiments were also carried out in which 
P-serine was added at the beginning or at the end of the incuba- 
tion period. With ATP, Mg**, t-serine-C“, and enzyme 
preparation, there was no detectable incorporation of radio- 
activity in the isolated P-serine unless P-serine was present 
during the incubation period. It is possible that other fractions 
of chicken liver contain a serine kinase, and the ethanol fraction 
studied could have a serine kinase which cannot utilize ATP. 
However, since P-serine was required and added ATP did not 
stimulate, it would seem that the incorporation of C-labeled 
serine into P-serine is catalyzed by a phosphatase. 

All the fractions which had exchange activity also dephos- 
If the phosphatase and exchange activities 


should remain constant in a fractionation procedure. The 
chicken liver acetone powder extract was fractionated with 
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TABLE LV 


Effect of ATP and MgCl. on exchange activity 


Each tube contained 50 umoles of Tris buffer at pH 7.4, MgCl. 
and ATP as indicated, 5 wmoles of pL-P-serine, 0.55 wmoles of L- 
serine-C!! (specific activity = 2.8 105 ¢.p.m. per umole), and 
0.42 mg. of a 0 to 35 per cent ethanol fraction from chicken liver 
in a total volume of 1.0 ml. The enzyme preparation had been 
dialyzed for 5 hours against 0.005 m Tris buffer, pH 7.4, which 
contained 0.001 m EDTA. The tubes were incubated for 30 
minutes at 31°. 


Additions | Specific activity of P-serine 
| c.p.m./pmole 
5 umoles of ATP + 10 umoles of MgCl... 1210 
50 umoles of ATP + 10 umoles of MgCle. “1 1130 


* Counting error (standard deviation) of these samples was +10 
per cent. 
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35. 40 45 50 55 60 75_| 
AMMONIUM SULFATE FRACTION 


Fic. 1. Preliminary evidence for the identity of the phospha- 
tase and exchange activity. The ethanol fraction (50 ml.) was 
brought to 0.35 saturation by the addition of 27 ml. of a saturated 
ammonium sulfate solution at 0°. After the solution had been 
stirred for 20 minutes, it was centrifuged; the precipitate was dis- 
solved in 5 ml. of 0.1 m Tris buffer, pH 7.5. In the same manner 
fractions at 0.40, 0.45, 0.50, 0.55, 0.60, and 0.75 saturation were 
obtained. 

The phosphatase incubation mixture contained 5 wmoles of DL- 
P-serine, 20 wmoles of MgCle, 100 umoles of Tris buffer, pH 7.5, 
and enzyme preparation in a total volume of 2.15 ml. The tube 
was incubated at 38°, and aliquots were removed at 0, 30, 60, and 
90 minutes. Only the 30-minute values are reported. 

The exchange incubation mixture contained 5.0 umoles of pL-P- 
serine, 2.63 umoles of L-serine-C!4 (specific activity = 0.57 * 105 
¢.p.m. per umole), 10 umoles of MgCle, 50 umoles of Tris buffer, 
pH 7.5, and enzyme preparation in a total volume of 1.0ml. The 
tubes were incubated at 31° for 30 minutes. 

The phosphatase activity was measured as ymoles of ortho- 
phosphate liberated per mg. of protein per 30 minutes. The ex- 
change reaction was measured in terms of specific activity X 10~% 
of P-serine per mg. of protein per 30 minutes. 


ammonium sulfate, and each fraction was tested for phosphatase 
and exchange activity. As seen in Fig. 1, the activities parallel 
each other in the fractions designated 50, 55, 60, and 75. 
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DISCUSSION 


The rapid exchange of C'-labeled serine with the serine 
moiety of P-serine, which has been observed with chicken and 
rat liver preparations, provides a means for the formation of 
labeled P-serine from labeled serine without the intervention of 
a serine kinase and without net P-serine synthesis. In a com- 
parative study of serine versus P-serine metabolism, this ex- 
change reaction complicates any attempt to assign a sequence 
in a metabolic pathway. It seems likely that this exchange 
would allow the incorporation of radioactivity from serine into 
3-phosphoglycerie acid by way of P-serine and phosphohydroxy- 
pyruvic acid, but this would not be a pathway for the net 
conversion of serine to carbohydrates. 

From the data obtained in the ammonium sulfate fractiona- 
tion it was proposed that the exchange activity was associated 
with the phosphatase activity. Subsequent work has led to the 
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partial purification of a specific O-phosphoserine phosphatase 
which catalyzes the rapid exchange of C'-labeled serine with 
P-serine (18). 
SUMMARY 
The following reactions have been found to be catalyzed by 
enzyme preparations from chicken and rat livers: 


Mg** 
P-serine serine + P; (1) 


P-serine + serine-C!4 > P-serine-C!4 + serine — (2) 


Reaction 2 was dependent on P-serine and Mg++, and added 
ATP in the presence or absence of P-serine had no effect. A 
constant ratio of the activities represented by Reactions 1 and 2 
was observed in a preliminary fractionation of a chicken liver 
acetone powder extract with ammonium sulfate. 
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Metabolism of Phosphoserine 


Il. PURIFICATION AND PROPERTIES OF O-PHOSPHOSERINE PHOSPHATASE* 


Francis C. Nevwaust anp L. Byrne 


From the Department of Biochemistry, Duke University School of Medicine, Durham, North Carolina 


(Received for publication, August 1, 1958) 


In the course of experiments on the metabolism of phospho- 
serine in chicken liver homogenates, it was observed that labeled 
serine was rapidly incorporated into a phosphoserine pool (1). 
This incorporation of labeled serine seemed to be an exchange 
reaction which was catalyzed by a phosphatase. The present 
publication describes the partial purification and characteriza- 
tion of a specific P-serine! phosphatase from chicken liver. 
Preliminary reports of these observations have been published 
(2,3). During the course of this work Borkenhagen and Ken- 
nedy (4) made similar observations with rat liver preparations. 
In addition, Smith et al. (5) reported the demonstration of 
“a very active Zn*++ requiring phosphoserine phosphatase” in 
Escherichia coli extracts which may be specific for P-serine. 
Purification of a phosphatase specific for P-serine from yeast 
has been independently obtained by Schramm.? 


EXPERIMENTAL 


Materials—u-P-serine and p-P-serine were prepared according 
to the method for p1t-P-serine (6) except that 20 ml. of chloro- 
phosphoric acid were used for 2 gm. of serine. The yield of 
crude L-P-serine and p-P-serine was 2.7 gm. (77 per cent) and 
2.6 gm. (74 per cent), respectively. These enantiomorphs were 
recrystallized once as described for pt-P-serine. The following 
specific rotations for L-P-serine were observed: [a]p + 16.2° 
(2 ~ HCl, 11, ¢ 3.2); [a]? + 4.3° (water, 1 1, c 3.2); reported 
[a] + 16.2° (2 n HCl, c 3.0, 1 1) (7); [a]? + 16.3° (10 per cent 
HCl, c 6.0, calculated from Ba** salt) (8); [a]? + 17.3° (10 
per cent HCl, c 1.7, calculated from Ba** salt) (9); [a] + 7.4° 
(water, c 3.4, 11) (7); [a] + 7.2° (water, c 4.2) (10). The fol- 
lowing specific rotations for p-P-serine were observed: [a]> — 
15.4° (2 Nn HCl, c 3.2, 1 1); [a]p — 3.4° (water, c 3.2, 11); reported 
— 15.6° (2 HCl, c 3.2, 1 1) (7); [a]5 — 7.0° (water, c 3.0, 
11) (7). The agreement of the optical rotations in HCl are 
acceptable; however, the values obtained in water do not agree 
with the values reported in the literature. The optical purity 
of t-P-serine was checked with p-amino acid oxidase by the 
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droxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic 
acid; P;, orthophosphate; and NP, p-nitrophenyl phosphate. 

?M. Schramm, J. Biol. Chem., in press. 


method of Meister et al. (11). Under the conditions of our 
determination (12) it could be concluded that the .-P-serine 
contained no detectable (less than 1 per cent) p-P-serine. 

CMB and iodoacetic acid were kindly provided by Dr. Irwin 
Fridovich. Diisopropylfluorophosphate was kindly provided by 
Dr. George 8. Eadie. Phosphocholine, p1t-phosphothreonine, 
NP, and isonicotinic acid hydrazide were obtained from the 
California Foundation for Biochemical Research. pv-Glucose- 
6-P was obtained from the Sigma Chemical Company. p-Amino 
acid oxidase, and o-carboxyphenylphosphate were products of 
the Worthington Biochemical Corporation. Yeast cytidylic 
acid and p-phosphoglyceric acid were obtained from Schwarz 
Laboratories, Inc. $-Glycerophosphate was a product of 
Eastman Organic Chemicals Department of Eastman Kodak 
Company. Phosphoethanolamine was prepared by the method 
of Outhouse (13). Carrier free P-labeled P; was obtained 
from the Oak Ridge National Laboratory, and solutions of 
known concentration and specific activity were prepared by 
diluting aliquots of the stock solutions with carrier P;. All 
other materials and methods were described previously (1). 

Phosphatase Assay—The phosphatase activity was calculated 
from the rate of P; release from P-serine. The final concen- 
trations of the components in the test system were 0.01 m MgCl, 
0.05 m succinate, and 0.05 m acetate buffer, pH 5.90, and 0.01 
M pL-P-serine. After temperature equilibration (38°) the re- 
action was started by adding the enzyme preparation, and 0.5- 
ml. aliquots were withdrawn immediately, after 5 minutes, and 
again after 10 minutes. The aliquots were added to 1.0 ml. of 
10 per cent trichloroacetic acid and centrifuged, and 1.0 ml. of 
the supernatant fluid was used for P; analysis by the method of 
Dryer et al. (14). The optical density of the 5- and 10-minute 
samples was measured in the Beckman model DU spectrophotom- 
eter at 345 mu with the zero time sample in the reference cell. 
A unit of enzyme was defined as that amount which causes the 
liberation of 1.0 umole of P; per ml. of incubation mixture in 
10 minutes. Specific activity was expressed as the number of 
units per mg. of protein. 

The proportionality of the routine phosphatase assay pro- 
cedure is shown in Fig. 1A. Fig. 1B shows that the rate of P; 
release is linear for 10 minutes. All assays for phosphatase 
activity were measured under conditions in which linearity was 
observed. In Fig. 1B the P; released after 10 minutes repre- 
sents hydrolysis of 1.32 per cent of the substrate. 

Exchange Assay—The exchange reaction was_ estimated 
from the amount of L-serine-C™ incorporation into a P-serine 
pool. The assay mixture contained 10 uwmoles of MgCh, 
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Fic. 1. Proportionality of P; release with ezyme concentration 
(A) and linearity of Pi release with time (B). The procedure 
was the ‘‘Phosphatase Assay’’. In B, the enzyme concentration 
was 0.075 mg. per ml. (specific activity = 1.81 units per mg.). 


LOG [100-% EXCHANGE] 
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10 20 
TIME (MINUTES) 

Fic. 2. Incorporation of L-serine-C'* as a function of time. 
The ‘‘Exchange Assay’’ was used. A A, 0.150 mg. of protein, 
5 umoles of pL-P-serine; 0-——D, 0.075 mg. of protein, 5 umoles 
of t-P-serine. 
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Fic. 3. Incorporation of L-serine-C! as a function of enzyme 
concentration. The ‘‘Exchange Assay”’ with 5 wmoles of pL-P- 
serine was applied. 


P-serine as indicated, 50 uwmoles of Tris buffer, pH 7.12, 2.63 
pmoles of L-serine-C™ (specific activity = 0.574 x 10° ¢c.p.m. 
per umole), and enzyme in a total volume of 1.0 ml. The tube 
was incubated at 38° for 20 minutes except in instances otherwise 
noted. The procedures for terminating the reaction, isolating 
the P-serine by ion exchange chromatography, and determining 
the specific activity have been previously described (1). In all 
instances, the pH was lowered to between 3 and 4 before adding 
the perfluorooctanoate (15). 

The pmoles of t-serine-C' exchanged were calculated by the 
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method of Duffield and Calvin (16) who derived the first order 
rate equation for the following type of exchange reaction: 


L-P-serine + tL-serine-C!4 L-P-serine-C!4 +  L-serine 


(1) 


The first order rate equation is as follows: 


per cent 


—2,303 log (1 — 
( 100 


ae. (P-serine + serine) ¢ (2) 
(P-serine) (serine) 


where R = umoles of L-serine-C™ exchanged in time (t).. The 
per cent exchange was calculated by the following expression: 


Per cent exchange 


Specific activity of L-P-serine observed XX 100 (3) 


a Specific activity of L-P-serine at complete exchange 


where specific activity of P-serine at complete exchange is de- 
termined from: 


umoles of L-serine added X specific activity of L-serine added 


(4 
umoles of L-P-serine + ywmoles of L-serine 


P-serine and serine are expressed as upmoles per ml. The K,, for 
L-P-serine is much lower than it is for p-P-serine. Therefore, 
when pL-P-serine was used, the calculation included only 
L-P-serine. The rate of hydrolysis of P-serine is approximately 
80 per cent inhibited (17) by the 0.00263 M L-serine present in 
the routine exchange assay. Under the routine conditions which 
prevailed not more than 2 per cent of the P-serine was hydro- 
lyzed, and therefore the calculation assumes that the concentra- 
tion of P-serine is constant. 

Fig. 2 shows the log (100 — per cent exchange) as a function 
of time at two levels of enzyme concentration. The propor- 
tionality of the routine exchange assay procedure is shown 
in Fig. 3. All rates of exchange are given as umoles of L-serine- 
C™ exchanged per ml. per 10 minutes. 

o-Carboxyphenylphosphate Assay—The phosphatase activity 
towards o-carboxyphenylphosphate was determined from. the 
sate of salicylic acid production by the method of Hofstee (17). 
The final concentrations of the components in a 1.5 ml. cuvette 
were 1.3 mM o-carboxyphenylphosphate, 6.6 10-3 
Mg++, 6.6 107° M acetate, and 6.6 107° M succinate buffer, 
pH 5.90. 

NP. Assay—The phosphatase activity towards NP was de- 
termined by the method of Bessey et al. (18). The final con- 
centrations of the components in the test system were 0.05 ™ 
acetate and 0.05 m succinate buffer, pH. 5.90, 0.01 m Mg**, and 
0.01 m NP. This concentration of NP was found to give the 
maximal rate of formation of p-nitrophenol. 

Purification of Enzyme—Fresh chicken livers (from laying 
hens) were available at the local abattoir 15 minutes after the 
animals were exsanguinated. The livers were chilled in ice. 
50 gm. of liver were cut into small pieces and then homogenized 
in a Waring Blendor for 45 seconds in 400 ml. of acetone pre- 
viously chilled to —10°. 
on a Buchner funnel through Whatman No. | filter paper. 
filter cake was immediately rehomogenized in 250 ml. of cold 
acetone, filtered, washed with 100 ml. of peroxide-free ether at 
—10°, and sucked dry. The cake was separated from the paper, 
broken, and forced through a wire screen onto filter paper. 


The mixture was filtered with suction — 
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After the powder had been allowed to dry in air for 1 hour, it 
was further dried with the aid of a vacuum pump for an addi- 
tional hour, and then stored at —10°. The yield from 1100 gm. 
of tissue was 200 gm. of powder. The activity of the acetone 
powder remained stable for at least 3 months. 

Extraction—All subsequent steps were carried out at O0-4° 
except where otherwise noted. 160 gm. of acetone powder 
were extracted in 20-gm. lots with a total of 41. of 0.001 m EDTA, 
pH 7.4, first by dispersing it with a Waring Blendor at high 
speed for 45 seconds and then by stirring the mixture gently 
for 30 minutes. The extract was centrifuged at 3400 x g for 15 
minutes and then recentrifuged (Spinco model L ultracentrifuge) 
for 30 minutes at 23,600 x g. The extract lost 90 per cent of 
its activity in 4 days at —10°. 

Ammonium Sulfate Fractionation I (AS-1)—The clear extract 
(2900 ml.) was brought to 0.40 saturation by the slow addition 
of 655 gm. of ammonium sulfate. When the solution had been 
stirred for 20 minutes, the precipitate was removed by centrif- 
ugation for 20 minutes at 3400 xX g. The supernatant fluid, 
in the amount of 3040 ml., was brought to 0.48 saturation by 
the addition of 131 gm. of ammonium sulfate, and the precipi- 
tate was removed as before and discarded. 418 gm. of am- 
monium sulfate were slowly added to 2980 ml. of the 0.48- 
saturated supernatant fraction to bring the saturation to 0.70. 
The solution was stirred for 20 minutes and centrifuged, and 
the precipitate was dissolved in 860 ml. of 0.05 m Tris buffer, 
pH 7.5. 

Acid Treatment—The first ammonium sulfate fraction (860 
ml.) was adjusted to pH 4.10 by the slow addition of 75 ml. 
of 0.5 m acetic acid, stirred for 20 minutes, and centrifuged 
for 20 minutes at 3400 x g. The cloudy supernatant fluid 
was immediately brought to pH 5.0 with approximately 50 ml. 
of 0.6 m NH,OH and recentrifuged. During the pH treatment 
the temperature was maintained at 4-5°. 

Heat Treatment—The fraction resulting from the pH treatment 
was equally divided into four 400-ml. beakers which were heat- 
treated in sequence. The beakers were heated in a 55°-water 
bath, and when the temperature reached 40°, they were trans- 
ferred to a 40°-water bath. After 5 minutes at 40°, each beaker 
was transferred to an ice bath, and the stirring was continued 
until the temperature was lowered to 5°. The inert protein 
was removed by centrifugation at 3400 xX g. 

Ammonium Sulfate Fractionation II (AS-I])—231 gm. of 
ammonium sulfate were added slowly to 880 ml. of the heat- 
treated fraction to raise the saturation from 0.06 to 0.50. The 
residual amount of ammonium sulfate from the AS-I fraction 
was determined by direct nesslerization using Vanselow’s reagent 
(19). The solution was stirred for 20 minutes before removing 
the precipitate by centrifugation. The supernatant solution 
was brought to 0.67 saturation by the slow addition of 89 gm. 
of ammonium sulfate. When the solution had been stirred for 
20 minutes, it was centrifuged; the precipitate was dissolved in 
110 ml. of 0.05 m Tris buffer, pH 7.4. 

Adsorption and Elution on Alumina Cy—The AS-II fraction 
was dialyzed for 2 hours in EDTA-treated (20) Visking NoJax 


_ casing with stirring against 4 1. of 0.01 m succinate buffer, pH 
6.4, which contained 0.01 m MgClo. 


The procedure was repeated 
with fresh buffer. The protein solution was diluted to 3.8 mg. 
per ml., and the amount of gel (21) required to adsorb 90 per 
cent of the activity was determined for each preparation. In 
the reported preparation 18.8 ml. of gel suspension (14.7 mg. per 
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ml.) was pipetted into each of four 150-ml. polyethylene tubes. 
The tubes were centrifuged and the water was discarded. After 
125 ml. of the dialyzed protein solution had been added to each 
tube, the gel was broken up and stirred for 5 to 7 minutes. It 
was centrifuged, and the supernatant fluid was discarded. The 
gel in each tube was then stirred with 125 ml. of 0.01 m citrate 
buffer, pH 7.4, for 10 minutes. The suspension was centrifuged, 
and the citrate buffer wash was discarded. The activity was 
eluted from the gel with 400 ml. of 0.1 M pL-P-serine, pH 7.4 (100 
ml. per tube) for 10 minutes. P-serine was chosen as the eluting 
agent for three reasons. (a) It does not interfere in the phos- 
phatase assay; (6) it is a polyvalent anion at pH 7.4; and (ce) it 
should serve to stabilize the enzyme in the acetone fractionation. 

Acetone Fractionation—In the preliminary solvent fractiona- 
tions it was found that high salt concentrations were needed to 
reduce coprecipitation. 38.5 ml. of | mM sodium acetate buffer, 
pH 5.0, and 19.2 ml. of 2m MgCle were added to 385 ml. of the 
gel eluate, and the resulting pH was 5.5. 445 ml. of the protein 
solution in a I-l. round bottom, wide neck flask were cooled to 
0° ina —2°-ethanol bath; 206 ml. of acetone, previously chilled 
to —20°, were added over a period of 25 minutes to the solution. 
(The final acetone concentration was 35 per cent by volume.) 
After the solution was stirred for 2 to 3 minutes, it was centri- 
fuged at —6° at 3400 x g in polyethylene tubes for 4 to 5 min- 
utes, and the precipitate was discarded. In the same manner, 
the acetone concentration was successively increased to 41, 46, 
and 62 per cent by volume by the addition of 59 ml., 59 ml., and 
300 ml. of acetone while the temperature was lowered to —6°. 
The precipitate in the fraction which was 46 to 62 per cent by 
volume acetone was taken up in 45 ml. of 0.05 m Tris buffer, 
pH 7.5. The solution was immediately dialyzed in EDTA- 
treated Visking NoJax casing for 4 hours against 2 |. of 0.01 m 
succinate buffer, pH 6.4, which contained 0.01 m MgCl. This 
fraction was frozen in 1-ml. aliquots and stored in the refrigera- 
tor at —10°. To assure before use complete removal of P-serine 
remaining from the ‘gel step’ and the acetone fractionation, 
the enzyme preparation was dialyzed overnight against 0.01 m 
succinate buffer, pH 6.4, which contained 0.01 m MgCle. This 
fraction is the purified preparation which has been used unless 
otherwise specified. A summary of the results of the purification 
is presented in Table I. 

The dialyzed acetone fraction was stable to freezing at —10° 
for 1 vear. The preparation lost activity slowly at 2° in a 
refrigerator. This preparation catalyzes the dephosphorylation 


TABLE I 
Purification of P-serine phosphatase from chicken liver 


| Volume | 
| f 


Amount | Specific | 


Purification step | Units | activity Yield 
ml. omg. | % 
1. Extraction... 2900 2610 | 29800 | 0.088 
860 1900 12600 | 0.151 73 
3. Acid treatment.... .... 930 2060 6800 | 0.304 79 
4. Heat treatment......... | 930 1900 5950 0.319 73 
6. Cy elution.............. — 400 408 640 0.638 16 
7. Acetone fractionation. . 45.5 | 297 164. 1.81 11 


* The “Phosphatase Assay’’ (see main text) with P-serine as 
substrate was applied. 
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TABLE II 


Ratio of specific activities in phosphatase reaction to those of 
exchange reaction 

The ratio of the phosphatase to the exchange activity was 
determined on a fresh extract, but the remaining fractions had 
been stored at —10° for 2 months. The specific activity of AS-II 
had dropped to 0.298, but there was no loss of phosphatase activ- 
ity in the other fractions. The ‘‘Phosphatase Assay’’ and the 
‘“‘Exchange Assay’’ (see main text) were used. Fractions 6 and 7 
were dialyzed to remove P-serine before the determination of ex- 
change activity. 


| Ratio 
| f phos- 
Purification step | | Exchange phatase to 

| activity 

1.030 13.3 0.089 0.99 
0.730 0.142 | 1.06 
3. Acid treatment........ «60.365 0.268 1.13 
4. Heat treatment........ 0.320 , 14.6 0.317 1.01 
| 0.363 | 12:3 0.232 1.28 
0.080 | 6.29 | 0.521 | 1.23 
7. Acetone fractionation... 0.075 ! 20.0 1.91 0.95 

} 

TABLE III 


Stoichiometry of phosphatase reaction 


Each incubation contained 1.10 wmoles of L-P-serine (specific 
activity = 2.21 X 105 ¢.p.m. per umole), 50 umoles of Tris buffer, 
pH 7.12, 10 umoles of MgCl, and 0.075 mg. of the enzyme prepara- 
tion in a final volume of 1.0 ml. The tubes were incubated at 38° 
for the specified time and reactions were terminated as described 
in the ‘‘Exchange Assay’’ (see main text). 5 ymoles of L-P-serine 
and 5 wmoles of L-serine were added as carrier at the end of the 
incubation. The P-serine was isolated as previously described 
(1). The serine was isolated as described in the main text. The 
total radioactivity for P-serine and serine was determined, cor- 
rected to 100 per cent recovery, and the results expressed as 
pmoles of P-serine remaining and serine formed. The P; formed 
was determined with separate incubations by the ‘‘Phosphatase 
Assay”’ (see main text) except that the procedure was carried out 
in 0.05 m Tris buffer, pH 7.12, so that the conditions would be 
identical to those of the above incubations. 


Time P serine remaining | Serine formed P; formed 

min. | pumoles | pmoles | pmoles 
_ 0.94 | 0.12 0.120 

20 0.85 | 0.19 0.210 


of 17.5 moles of P-serine to serine and P; per 100,000 gm. of 
protein per minute at 38°. 


RESULTS 


Identity of Phosphatase and Exchange Activity—The_ pre- 
liminary observations (1) suggested that the phosphatase and 
exchange activities were the result of a single enzyme. The 
constant ratio of specific activities in Table II shows that the 
phosphatase and exchange activities are attributable either to 
the same enzyme or to two enzymes which have very similar 
physical properties. 

Stoichiometry of Phosphatase Reaction—The incubations illus- 
trated in Table III show that each micromole of L-P-serine which 
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Fic. 4. pH Optima. The phosphatase and exchange assays as 
described in the text were used. The buffer used for A——A and 
O O was 0.05 mM with respect to acetate and 0.05 m with respect 
to succinate, and the buffer used for A——A and @——®@ was 
0.05 m Tris. The ‘‘Exchange Assay’’ involved 5.0 umoles of 
pL-P-serine and both assays included 0.075 mg. of enzyme prepara- 
tion per ml. 


is dephosphorylated yields 1 wmole of L-serine and 1 umole of 
P;. Chromatography of the serine fraction (7.e. the fraction 
not retained by Dowex 1-X2 column) in two solvent systems, 
and Seanning of the Chromatogram with the Forro Strip Scanner 
revealed that the radioactivity was coincident with the added 
carrier L-serine. The two solvent systems were as follows: 
(a) triethylamine, 2 ml.; 1 N HCl, 7.2 ml.; acetone, 70 ml.; and 
water to 100 ml.; ascending chromatogram for 3 hours’; and 
(b) n-butanol, methyl ethyl ketone, 17 N NH,OH, and water 
(5:3:1:1); descending chromatogram for 6 hours (22). What- 
man No. 1 filter paper was used for both solvent systems. 

pH Optima—aAs illustrated in Fig. 4, the pH optimum for 
the release of P; from P-serine is 5.9 to 6.6 and the amount 
released decreases to 50 per cent at pH 42 and 7.8. In contrast 
to the optimum for the phosphatase, the pH optimum for the 
exchange reaction is 6.9 to 7.3. 50 per cent of the exchange 
reaction is realized at pH 6.4 and 7.9. The phosphatase activity 
curve has been measured under conditions in which the sub- 
strate concentration was adequate, at all pH values, to give a 
maximal velocity. 

Metal Activation—The effect of various metal cations on P- 
serine phosphatase is shown in Table [V. In the absence of 
added divalent cations the enzyme preparation exhibited 9 to 
15 per cent of the maximal activity observed in the presence of 
Mg++. Nit+, Zn*++, Co++, and Fe*+* could substitute for Mg** 
at approximately 60 per cent of the maximal activity. Mn** 
had a very small amount of activity. Ca++, Cu+t+, and Cd** 
inhibited the residual activity observed in the absence of added 
cations. Even in the presence of added Mg*t, they inhibited 
the phosphatase activity as Mn**+ did also under this condition. 

The effect of MgCl. concentration on phosphatase activity 
is described in Fig. 5. If it is assumed that Mg*+ forms 4 
complex with the enzyme, as opposed to a magnesium-P-serine 


complex, the concentration of Mg** needed for one half of maxi- | 
mal velocity (7 xX 10-4 M) represents a K, (Michaelis-Menten — 


constant) for Mg++. If this assumption is correct, the estimated 
K, for Mg** should be independent of P-serine concentration. 
When the effect of MgCl. on phosphatase activity was studied 
with 0.005 m, 0.001 mM, and 0.0002 m L-P-serine, the concentration 


3A solvent system developed by Dr. Seymour Korkes. 
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TABLE IV 
Metal activation of P-Serine phosphatase 


The above additions were according to the ‘‘Phosphatase 
Assay’’ as indicated (see text). All metal ion concentrations were 
0.01 m unless otherwise indicated. [Each incubation contained 
0.135 unit of enzyine preparation per ml. which had been dialyzed 
for 8 hours against 0.01 mM succinate buffer, pH 6.4. 
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Additions Activity 


| pmoles P;/ml./10 min. 


0.070 
0.025 
Me**, 0.001 0.123 


* Added as Fe(SO,4)2(NH,4)2-6H2O 


of Mg** needed for one half of maximal velocity did not vary 
significantly from 7 X 10-4. Further evidence in support of 
a Magnesium-enzyme complex was found in the course of puri- 
fying the phosphatase activity. It was found that Mg++, in 
the absence of P-serine, stabilizes the phosphatase activity. 
The presence of 0.05 m Mg++ decreased the loss in activity from 
57 to 16 per cent when the enzyme preparation was heated to 
50° for 5 minutes at pH 5.0. The presence of 0.009 m Mg++ 
decreased the loss in activity from 50 to 4 per cent when the en- 
zyme preparation was incubated at 30° for 2.5 hours at pH 8.0. 

Substrate Specificity—The substrate specificity is shown in 
Table V. Various phosphate esters were tried, and only L- 
P-serine, p-P-serine* and NP were hydrolyzed at a significant 
rate. The fact that p-P-serine is a substrate confirms Kennedy’s 
observation (4) that rat liver preparations dephosphorylate 
p-P-serine as well as L-P-serine. When P-serine and NIP were 
incubated together (Table VI, Experiment 1), the rate of P; 
liberation was the sum of the individual rates. Moreover, the 
rate of p-nitrophenol liberation remained constant in the pres- 
ence and absence of P-serine. 

The possibility exists that the activity towards p-P-serine 
and L-P-serine was the result either of two independent sites on 
one enzyme or of two enzymes, one specific for L-P-serine and one 
specific for p-P-serine. When a concentration of 1L-P-serine 
sufficient to give almost maximal velocity was incubated with a 
concentration of p-P-serine sufficient to give maximal velocity, 
the quantity of P; liberated was not the sum of the amounts 
given by the individual components as would be expected if two 
independent sites or two enzymes were active (Table VI, Experi- 
ment 2). This result supports the proposa] that both the L- 
P-serine and the p-P-serine activities are the result of a single 
site on the enzyme. Borkenhagen and Kennedy (4) concluded 
that L-P-serine competed with p-P-serine for a single site on the 


‘An initial sample of p-P-serine was kindly provided by Dr. 
E. P. Kennedy. 
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Fic. 5. Effect of MgCl. on P-serine phosphatase. The ‘‘Phos- 
phatase Assay’’ was used with 0.075 mg. of enzyme preparation 
per ml. The enzyme preparation had been dialyzed for 8 hours 
against 0.01 M succinate buffer, pH 6.4. Vmax represents maximal 
velocity extrapolated from Lineweaver-Burk plot. 


TABLE V 
Substrate specificity for phosphatase reaction 

The phosphatase, NP, and o-carboxyphenylphosphate assays as 
described in the text were applied to the above substrates as 
indicated. For Substrate 5 through 13, 30- and 60-minute time 
samples were taken. Each incubation mixture contained 0.135 
unit per ml. of enzyme except Substrate 4 which contained 0.177 
unit per ml. 


Substrate 


Substrate | Activity 
moles/l. 10 

1. u-P-serine.......... | 0.01" 0.114 

2. p-P-serine........ ee 0.01* 0.116 

4. o-Carboxyphenylphosphate. .| 0.0013 | 0.008 

5. B-Glycerophosphate........ 0.01 | 0.008 

6. Cytidine 5’-phosphate..... | 0.01 | 0.008 

7. Yeast cytidylic acid........ | 0.01 | 0.008 

8. Adenosine 5’-phosphate....., 0.01 | 0.004 

9. p-Glucose-6-P...............| 0.01 0.004 

10. p-Phosphoglyceric acid... ... | 0.01 0.003 
11. Phosphoethanolamine...... | 0.01 0.000 
12. Phosphocholine............. 0.01 0.000 
13. pLt-Phosphothreonine....... 0.01 0.000 


* This concentration, 0.01 M, is adequate to permit maximal, 
velocity. 


enzyme from the observation that L-P-serine inhibited the release 
of P,* from p-P-serine-P®. 

Effect of Substrate Concentration on Rate of Phosphatase Reac- 
tion—The initial rates of hydrolysis at several substrate levels 
were estimated from plots of micromoles of P, liberated versus 
time. The Michaelis-Menten constants for t-P-serine, p-P- 
serine, and pL-P-serine were calculated from the Lineweaver- 


Burk plots (23) as shown in Fig. 6. For t-P-serine the A,, 


was found to be 5.8 * 10-° Mm whereas for pt-P-serine the K,, 
was found to be 1.1 X 10-4m. For p-P-serine the A,, was found 
to be 4.2 « 10-*m. At low substrate concentrations the enzyme 
is specific for L-P-serine and p-P-serine is not inhibitory. 

It seems from the data of Borkenhagen and Kennedy (4) 
that p-P-serine gives a higher maximal velocity than L-P-serine 
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TaBLE VI 
Summation of NP, t-P-serine, and p-P-serine activities 
The ‘‘Phosphatase Assay’’ and ‘‘NP Assay’’ (see text) were 
applied to the above additions as indicated. Each incubation 
mixture contained 0.135 unit of enzyme preparation per ml. 


Substrate Substrate concentration AP; p-Nitroph — 
moles/1. pmoles pmoles 
Experiment 1 
b. pL-P-serine..... 1.0 X 10°? 0.144 
pL-P-serine..... 1.0 X 10° 0.196* 0.056 
_ Experiment 2 
a. L-P-serine...... 5.0 xX 10 0.119 
b. L-P-serine...... 1.25 X 0.108 
c. p-P-serine...... 1.0 X 10° 0.136 
d. u-P-serine...... 5.0 X 
p-P-serine...... 1.0 X 10° 0.136 
e. L-P-serine...... 1.25 & 
p-P-serine...... 1.0 XK 10° | 0.136 


* Optical density was measured at 660 my instead of 345 mu. 


‘ 


1/V (uMOLES/ML./IO MINS)-! 


20 30 
1/S (M'xX107%) 


Fic. 6. Effect of substrate concentration on P-serine phospha- 
tase (Lineweaver-Burk plot (23)). The ‘‘Phosphatase Assay’’ 
with 0.075 mg. of enzyme preparation per ml. was the procedure. 
p-PS, p-phosphoserine; pz-PS, pvwi-phosphoserine; and 1-PS, 
L-phosphoserine. 
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0.1 10 
L-PS MOLES/LITER X 10% 
Fic. 7. Effect of substrate concentration on the velocity of the 
exchange reaction, Curve A, and the Lineweaver-Burk plot 
(23), Curve B, of these results. The ‘‘Exchange Assay’’ with 
0.075 mg. of enzyme preparation was used. L-phos- 
phoserine. 
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L-SERINE-U-C'* MOLES/LITER 


Fic. 8. Effect of L-serine concentration on the exchange reac- 
tion. The ‘‘Exchange Assay”’ with 0.075 mg. of enzyme prepara- 
tion was used. The specific activity of the L-serine-C'™ was kept 
constant. Each incubation included 5 yumoles of L-P-serine. 
Curve A shows the rate of exchange as a function of L-serine-C' 
concentration. Solid and open symbols represent two experi- 
ments carried out at different times. Curve B is the Lineweaver- 
Burk plot (23) of these results. 


(0.32 umole per hour for L-P-serine as compared with 0.45 umole 
per hour for p-P-serine). The maximal velocities (0.132 umoles 
per ml. per 10 minutes) extrapolated (Fig. 6) were identical for 
p- and L-P-serine. It seems likely that inhibition (2), because 
of the L-serine accumulation from L-P-serine, is the explanation 
for the lowered rate observed by Borkenhagen and Kennedy 
with L-P-serine as the substrate. 

Effect of Substrate Concentration on Exchange Reaction—In 
Fig. 7 the effect of substrate concentration on the rate of the 
exchange reaction is shown. The A,, for t-P-serine (5.7 xX 10-5 
M) calculated from the Lineweaver-Burk plot (23) is essentially 
identical with the A,, (5.8 & 10°° Mm) for L-P-serine with respect 
to the phosphatase reaction. ; 

Effect of r-Serine Concentration on Exchange Reaction—Fig. 8 
shows the incorporation of L-serine-C'4 into P-serine as a function 
of labeled L-serine concentration at pH 7.12. From a Line- 
weaver-Burk plot (23) of these results a A, for L-serine was 
found to be 4.1 10-4 

Exchange Reaction between P**-labeled P; and P-serine—The 
exchange of L-serine-C' with P-serine could be explained by re- 
versal of the over-all reaction (Equation 5). 


P-serine — P; + serine (5) 


If this were the mechanism, P;*? should be incorporated into 
P-serine at the same rate as L-serine-C™. However, there was 
no detectable incorporation of P,** (Experiments 1 and 2, Table 
VII). 1-Serine-C™ under these same conditions was incorporated 
(Experiment 4), and a zero time control (Experiment 3) showed 
no detectable incorporation of radioactivity from L-serine-C" or 
P 

Inhibition of P-serine Phosphatase—Various inhibitors have 
been tested (Table VIII) on the purified preparation in an 


effort to characterize the possible reactive groups and to com- | 
pare this enzymatic activity to other known phosphatases. — 


The sulfhydryl reagents, iodoacetate and CMB, inhibit the 
phosphatase activity. The inhibition by CMB could be re 
versed by 0.001 m cysteine. 2 pyridoxal phosphate-complexing 


agents, HzNOH and isonicotinic acid hydrazide (27), were found 
In addition, 


to have no effect on this enzyme preparation. 
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VII 
Exchange reaction between P%?-labeled P; and P-serine 


Each reaction mixture contained 5 wmoles of pL-P-serine, 10 
umoles of MgCle, 50 ymoles of Tris buffer, pH 7.12, and 0.150 mg. 
of purified enzyme preparation. L-Serine and P;*? were added to 
the tubes as indicated. The components were incubated for 30 
minutes at 32° in a total volume of 1.0 ml. The exchange was 
terminated by the addition of 1.0 ml. of 0.5 per cent perfluorooc- 
tanate and 0.2 ml. of 0.1 Mm HCI except in Experiment 3. In the 
latter case the perfluorooctanate and HCl were added before the 
addition of enzyme. The P-serine was separated from L-serine- 
C' and P;*? by ion exchange chromatography as previously de- 
scribed (1). 


Experiment Additions 
pmoles c.p.m./pmole c.p.m./umole 
2.0 0.81 105 
_-Berime......... 2.0 
_-Serine......... 2.0 0 
2.0 1.62 105 
L-Serine-C!4..... 2.63 0.57 & 105 0 
4. t-Serine-C!#..... 2.63 0.57 & 105 6970 


* Zero c.p.m. per umole indicates that there was no detectable 
radioactivity. 


preincubation of 0.135 unit of the enzyme preparation with 20 
ug. of pyridoxal phosphate for 30 minutes at 38° in the presence 
of 0.05 m Tris buffer, pH 7.4, and 0.01 m Mg++ did not result in 
an increase in activity as measured in the ‘‘Phosphatase Assay” 
(see above). Tsuboi and Hudson (28) reported that d-tartrate 
inhibited prostatic acid phosphatase; however, neither d- nor 
l-tartrate had any effect on the phosphatase activity. The 
latter was somewhat sensitive to fluoride (40 per cent inhibition 
by 0.01 m fluoride), but KCN (0.01 Mm) and diisopropy! fluoro- 
phosphate (4.0 x 10-4) had no effect. 


DISCUSSION 


Ichihara and Greenberg (29) have described a “phosphorylated 
pathway” for the biosynthesis of serine from carbohydrate 
precursors. These authors concluded that the intermedi- 
ate P-serine was dephosphorylated by nonspecific phospha- 
tase(s) present in rat liver preparations. Other reports have 
appeared on the action of nonspecific phosphatases on P-serine 
(30-34). However, the presence of a specific phosphatase in 
chicken liver and rat liver (4) suggests that P-serine may be 
primarily dephosphorylated by a specific P-serine phosphatase. 
The chicken liver P-serine phosphatase is characterized by its 
low K,, for t-P-serine (5.8 X 10-5 mM). The concentration of 
P-serine in chicken liver is 14.5 umoles/100 gm. of wet tissue 
(approximately 1.5 & 10-4 mM) (12). Nemer and Elwyn (35) 
reported that the concentration of P-serine in rat liver is 4 
umoles/100 gm. of wet tissue. 

Previous work has been concerned with the transfer and ex- 


- change® reactions exhibited by nonspecific and specific phospha- 


*For the purpose of this discussion it is convenient to distin- 
guish between transfer reaction and exchange reaction. This 
distinction does not indicate a difference in mechanism. A 
transfer reaction involves the transfer of a phosphoryl group from 
a donor to an acceptor, the molecular structure of which is dif- 
ferent from the donor. An exchange reaction is defined as the 


F.C. Neuhaus and W. L. Byrne 


TaBie VIII 
Inhibition of P-serine phosphatase 

The “Phosphatase Assay’’ with 0.135 unit of enzyme prepara- 
tion was applied (see text). Preincubations were conducted at 
38° in the absence of substrate and in the presence of Mg++. The 
assay was started by the addition of substrate. When cysteine 
was used to reactivate the enzyme (Experiment 3, h), it was 
added after the 10-minute preincubation with CMB and incubated 
for 10 minutes before the addition of substrate. The CMB stock 
solution was standardized according to the procedure of Boyer 
(24). The diisopropyl fluorophosphate solutions in anhydrous 
isopropanol were checked with chymotrypsin according to the 
method of Jansen et al. (25), with use of the assay procedure of 
Schwert and Takenaka (26). The preincubation and assay in the 
presence of diisopropyl fluorophosphate were carried out at pH 
7.12. 


Inhibitor Concentration Inhibition 
moles/1. min. % 
Experiment 1 
a. Iodoacetate.......... 1.0 X 10°? 30 45 
b. Iodoacetate.......... 1.0 X 10-3 30 7 
c. lodoacetate.......... 1.0 X 104 30 0 
Iixperiment 2 
1.1 X 0 66 
h. CMB (eysteine)...... 1.1 X 10-5 10 
1.0 X 1073 10 18 
ixperiment 3 
Iixperiment 4 
a. Isonicotinie acid hy- 
Iixperiment 5 
1.0 10° 0 0 
D. 1.0 X 10°? 0 0 
Iixperiment 6 
Ixperiment 7 
10x 1077 | 0 6 
5.0 X 10-3 0 19 
1.0 X 10°? 0 38 
Experiment 8 
a. Diisopropyl  fluoro- 
eer | 4.0 X 1074 60 | 0 
tases. Nonspecific phosphatases exhibit transferase activity 


with a wide variety of acceptors (36). Thus, these enzymes 
would probably (37) be able to catalyze exchange reactions. 
Exchange activity has been observed with prostatic acid phos- 
phatase and intestinal alkaline phosphatase by use of the same 
high concentrations of acceptor which are required for trans- 
ferase activity. A few specific phosphatases have also been 
studied with respect to their ability to catalyze transfer or 


transfer of a phosphoryl group between a donor and acceptor of 
identical molecular structures, and the use of isotopic elements is 
necessary to detect the reaction. 

6 J. Preiss and P. Handler, personal communication. 
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exchange reactions. In the case of 5’-nucleotidase from bovine 
seminal plasma the exchange of C'-labeled adenosine with 
adenosine 5’-phosphate was not observed (38), and the results 
of experiments designed to show transfer activity were also 
negative (39). Fructose diphosphate phosphatase from ox 
kidney does not catalyze transfer reactions (39), and the alkaline 
fructose diphosphate phosphatase from spinach does not catalyze 
the incorporation of C-labeled fructose-6-phosphate or P*- 
labeled P; into fructose diphosphate (40). However, after the 
discovery that P-serine phosphatase would catalyze an exchange 
reaction, the glucose-6-phosphate phosphatase present in rat 
liver microsome preparations was studied by Hass and Byrne 
(41), and C'*-labeled glucose, at relatively low concentrations, 
was found to be incorporated into glucose-6-phosphate. 

From the information that is available it seems that the 
transfer and exchange reactions of phosphatases are related 
to their substrate specificity. This relationship is apparent 
in the acceptor specificity, the concentration of acceptor which 
is required, and, in some cases, the absence of a demonstrable 
transfer or exchange activity. Nonspecific phosphatases cata- 
lyze transfer and exchange reactions which require high acceptor 
concentrations. Specific phosphatases have not been shown to 
carry out transfer reactions, but in those cases where exchange 
activity has been observed, the acceptor concentration required 
is quite low, e.g. the A,, for L-serine in the exchange reaction 
catalyzed by P-serine phosphatase is 4.1 K 10-4m. An example 
of intermediate specificity is the nucleoside phosphotransferase 
activity from malt studied by Brawerman and Chargaff (42) 
which requires moderately high concentrations of acceptor. 

A double displacement mechanism which is designed to 
summarize and correlate these data is represented as follows: 


E+ PS=EPS=—"E = EP+ S 
|+ H:0 
S E +P, 
In the above E is the enzyme, PS is phosphoserine, EPS is the 
P 
Michaelis complex in the phosphatase reaction, E is the 


Michaelis complex of serine and phosphoryl enzyme in the 
exchange reaction, and EP is the phosphoryl enzyme. The 
lack of exchange in regard to P*-labeled P; under conditions 
in which labeled serine is incorporated into P-serine is consistent 
with this mechanism. Koshland (43) suggests that ‘‘one of the 
requirements for a stable phosphoryl-enzyme intermediate is a 
positive exchange result of a velocity comparable to the overall 
enzyme activity.”’ P-serine phosphatase shows a rate of ex- 
change which supports this postulate. 
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The final purified preparation represents a 20-fold purification 
starting from the acetone powder extract. This purification 
was adequate to remove interfering enzymes which might cata- 
lyze reactions with serine or P-serine. A number of phosphoryl- 
ated compounds which are substrates for known nonspecific 
phosphatases were not dephosphorylated by the final prepara- 
tion; however, NP was hydrolyzed at a significant rate.  Evi- 
dence has been obtained which indicates that the hydrolysis of 
NP is carried out by a contaminating, uncharacterized phospha- 
tase. When P-serine and NP were incubated together, the 
rate of P; liberation was the sum of the individual rates, and the 
rate of p-nitrophenol liberation remained constant in the presence 
and absence of P-serine. Further evidence that NP is not 
hydrolyzed by P-serine phosphatase is available from the marked 
inhibition by L-serine of P-serine hydrolysis by P-serine phos- 
phatase (2, 4); the hydrolysis of NP is not inhibited by L-serine 
(12). Another problem, which arises from the presence of the 
uncharacterized phosphatase for NP in the final purified enzyme 
preparation, is the possibility that part of the P-serine hydrolysis 
observed is not a result of P-serine phosphatase. The experi- 
ments discussed above indicated that there was no detectable — 
competitive effect of P-serine on NP hydrolysis. The presence 
of 0.01 m L-serine inhibits the hydrolysis of P-serine by 93 per 
cent (12); thus, P-serine hydrolysis by the uncharacterized 
phosphatase, which is not inhibited by L-serine, must be less than 
7 per cent of the total rate. The final preparation has been 
used to study the mechanism of the phosphatase and exchange 
reactions (12), but further purification would be necessary to 
allow a physical-chemical study of the enzyme itself. 


SUMMARY | 


1. A phosphatase specific for phosphoserine has been partially | 
purified from aqueous extracts of chicken liver acetone powder. 
This preparation also catalyzes the exchange of labeled L-serine 
with phosphoserine; under these same conditions P*-labeled 
orthophosphate is not incorporated into phosphoserine. 

2. The pH optimum for the exchange reaction is 6.9 to 7.3 
whereas the pH optimum for the phosphatase reaction is 5.9 to 
6.6. The phosphatase reaction is dependent upon a divalent 
metal cation, preferably Mg**. The enzyme dephosphorylates 
both p and t-phosphoserine at the same maximal velocity. | 
The K,, (Michaelis-Menten constant) for L-phosphoserine for 
the phosphatase reaction is 5.8 & 10-° M, and for the exchange 
reaction it is 5.7 * 10-5. v-Phosphoserine has a K,, of 4.2 X 
10-* m for the phosphatase reaction. The K,, for L-serine in the 
exchange reaction is 4.1 & 10-4 M. | 


3. A mechanism consistent with these data is proposed. The 
properties of the exchange reaction catalyzed by phosphoserite | 
phosphatase have been compared to analogous reactions cate | 
lyged by other phosphatases. 7 
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A 5-Nucleotidase Activated by Ferrous Iron* 
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A 5’-nucleotidase has been partially purified from extracts of 
Clostridium sticklandii. This enzyme is completely dependent 
upon certain reduced metals, notably ferrous iron. Inasmuch 
as no other examples of complete dependence upon reductants 
for nucleotidase activity have been reported, it appears worth- 
while to describe some of the unusual characteristics of this 
enzyme. 


EXPERIMENTAL 


Materials—The following substrates were obtained from 
Pabst Laboratories: AMP, ADP, ATP, and adenosine. CMP, 
IMP and UMP were obtained from Sigma Chemical Company. 
2’-AMP and 3’-AMP were obtained from Schwarz Laboratories, 
Inc. Protamine sulfate, ascorbic acid, and the mixture of 
2’-UMP and 3’-UMP were obtained from Nutritional Bio- 
chemicals Corporation. Tetrahydrofolic acid was prepared by 
the catalytic reduction of folic acid by molecular Hy according 
to the method of O’Dell et al. (2) as modified by Jaenicke and 
Greenberg.! Folic acid was obtained from California Founda- 
tion for Biochemical Research. DEAE-cellulose and __ tri- 
ethanolamine were obtained from Eastman Kodak Company. 

The growth requirements and cultural conditions of C. stick- 
landii, as well as the harvesting of the organisms and preparation 
of cell-free extracts by means of sonic vibrations have been 
described in detail elsewhere (3, 4). 

Enzymatic Assay—Because of its relative simplicity and 
stability, AMP was chosen for the substrate in most of the work 
herein described. A typical experiment contained in a total 
volume of 0.4 ml. the following components: AMP, 2 to 3 umoles; 
FeSO,, 2 umoles; triethanolamine, pH 7.35, 40 uwmoles; and 
enzyme protein in approximately 20-ug. amounts. Unless 
otherwise mentioned, the enzyme protein was the final fraction 
derived from a purification procedure to be described below. 
Each incubation tube (0.7 cm. in diameter) was thoroughly 
flushed with helium, stoppered immediately, and incubated at 
38° for 20 minutes. The reaction was stopped by the addition 
of 0.10 ml. of 10 per cent trichloroacetic acid, and the resulting 
precipitate, usually very small, was removed by centrifugation. 
From the supernatant fluid, aliquots of 0.05 ml. and 0.10 ml. 
were used for adenosine and orthophosphate analyses, respec- 
tively. In all experiments, control tubes were included without 
Fe*+* and/or without AMP. 

The unit of enzymatic activity is defined as equivalent to 


* A preliminary report of this work has been presented (1). 

+ Present address: Department of Medicine (Hematology), 
Johns Hopkins University School of Medicine, Baltimore 5, 
Maryland. 

1G. R. Greenberg and L. Jaenicke, personal communication. 
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the liberation of 1 umole of orthophosphate per mg. of protein 
per minute. 

Analytical Methods—Inorganic phosphate was determined by 
the method of Lowry and Lopez (5); the method of Fiske and 
SubbaRow (6) was found to be inadequate in certain situations,’ 
and for this reason the former method was used routinely. 
Adenosine was assayed by the spectrophotometric method of 
Kalckar (7), as modified by Kornberg and Pricer (8), and is 
based on the decrease in absorption of deaminated adenosine at 
265 mu. AMP and adenine do not interfere. Protein was 
measured by the Warburg-Christian (9) technique of differential 
absorption at 260 my and 280 mu. 

In all experiments, except those dealing with stoichiometry, 
only orthophosphate release was measured. Whenever duplicate 
tubes were evaluated, the difference was never larger than 10 
per cent. 

Purification of Enzyme—Cell-free extracts prepared by means 
of ultrasonic vibrations were dialyzed against 0.01 M_ tris(hy- 
droxymethyl)aminomethane, pH 7.4, and then against 0.01 ™ 
triethanolamine, pH 7.35, to remove phosphate. The dialysate 
was frozen and stored at —6° for several months before further 
purification. To a 20-ml. portion of the dialysate, 5 ml. of 2 
per cent protamine sulfate were added with gentle agitation for 
4 minutes, and the resulting heavy precipitate was separated by 
centrifugation at 12,000  g for 20 minutes and discarded. An 
adsorption column, 14 mm. in diameter and 50 mm. long was 
prepared with approximately 2 gm. of DEAE-cellulose. The 
column was washed with 0.005 m phosphate, pH 6.5, until the 
pH of the effluent was 6.5. The supernatant portion from the 
protamine sulfate step was adsorbed onto this column, and an 
exponential gradient elution with 150 ml. of 0.5 M potassium 
phosphate buffered at pH 8.5 was begun, the closed reservoir 
containing initially 200 ml. of 0.005 m potassium phosphate. 
The elution flow rate was approximately 2 ml. per minute. 
Individual fractions were collected, dialyzed against 0.01 ™ 
triethanolamine, and the most active fraction was used in all 
subsequent studies. 

A summary of these procedures is presented in Table I. No 


rr. 


substantial enhancement in specific activity was achieved with 
the use of the usual fractionation procedures of ammonium 


2 In earlier studies on the fractionation of the enzyme, tetra-_ 
hydrofolate was used as the reducing agent. Phosphomolybdate | 
reduction under the conditions of the Fiske and SubbaRow (6). 
method was a function of both orthophosphate and tetrahy- 
drofolate concentration; moreover, color intensity continued to 
increase with time. In the Lowry and Lopez (5) method, phos 


phomolybdate reduction was found to be solely a function of | 


orthophosphatecon centration. 
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TABLE [ 
Purification of enzyme 
Conditions of Assay—AMP, 3 umoles; Fe**, 2 umoles; triethanol- 
amine, pH 7.35, 40 umoles in a total volume of 0.40 ml. Enzyme 
protein is added in amounts at which the substrate decomposition 


is directly proportional to the amount of enzyme present. In- 
cubation was for 20 minutes at 38°. 
Ste Vol Protein Total | Specific |p 
p olume a units activity ecovery 
ml. (mg./ml) % 
Triethanolamine dialys- 
22.4 | 27.5 | 260 0.42 100 
Supernatant from 2% 
protamine sulfate. ....| 25 8.3 | 274 1.33 | 100+ 
Dialyzed Fraction ‘15’ 
from DEAE-cellulose 
15 0.8 35.5 | 2.95 14 


sulfate precipitation, isoelectric precipitation, and adsorption- 
elution techniques with Al(OH);, Ca3(PO,4)2 and calcium apatite 
gels (Table 


RESULTS 


Characteristics of Enzyme—The partially purified fraction 
showed nearly the same catalytic activity over the pH range of 
7.0 to 9.5; the activity at pH 6.6 is 60 per cent, and at 5.5 is 
only 3 per cent of the activity at the former range. 

The stability to heat is unusual. When buffered at pH 7.35 
with triethanolamine (final concentration 0.1 mM) approximately 
one-half of the activity remains after treatment for 10 minutes 
at 100° (Fig. 1.4). When heated in distilled water without buffer 
there is a rapid destruction of enzymatic activity. The active 
fraction is totally destroyed in the presence of 70 per cent 
ethanol in triethanolamine (0.1 M) when heated at 90° for 3 
minutes. Potassium chloride solutions of equal ionic strength 
do not protect against heating as does triethanolamine at a final 
concentration of 0.1 M; however, the effects of slight pH change 
cannot be discounted. The stability to heat is much less pro- 
nounced in more concentrated protein solutions; it could not 
be included as a step in purification because there was no meas- 
urable change in the concentration of soluble protein. 

Kinetics—Enzymic activity is proportional to enzyme con- 
centration as shown in Fig. 1B. The decay of substrate proceeds 
according to the kinetics for a reaction of zero order, and sub- 
strate decomposition is complete (Fig. 1C). Over a wide range, 
the initial substrate concentration has no effect on the over-all 
rate. A determination of the A,, for the reaction was not 
feasible because apparent saturation of the enzyme occurred at 
levels of substrate that were less than measurable by the sensi- 
tivity of our methods. 

Stoichiometry—The cleavage of 5’/-AMP into orthophosphate 
and adenosine was measured as mentioned under ‘‘Analytical 
Methods.” Table II depicts the fact that equimolar quantities 
of these two reaction products are formed, and that added 
adenosine and/or phosphate can be quantitatively recovered. 

Substrate Range—The enzyme has been found to catalyze the 
cleavage of the mononucleotides of adenine, cytosine, hypo- 
xanthine and uracil as well as adenosine di- and triphosphate 
The cleavage of these 
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Fic. 1. Enzyme _ characteristics. A, heat inactivation of 
Fraction ‘15.’”’ AMP, 3 uwmoles; Fe**, 2 umoles; protein, 16 


ug.; triethanolamine, pH 7.3, in final concentration of 0.1 m; 
volume, 0.4 ml. Activity is expressed relative to the unboiled 
control. 8B, enzyme concentration. AMP, 3 ymoles; Fe**, 
2 wmoles; triethanolamine, pH 7.3, 0.1 m final concentration; 
enzyme protein as shown. Incubation time was 20 minutes at 
37°. C, time course of substrate decomposition. AMP, 1.5 
umoles; Fe**, 2 umoles; 16 wg. of enzyme protein; triethanolamine, 
pH 7.3, 0.1 M final concentration. Incubation time was as shown. 
D, effect of ferrous iron concentration. AMP, 2 umoles; enzyme 
protein, 24 ug.; triethanolamine, 0.1 M final concentration; volume 
was 0.4 ml. Fe** was added as shown. Incubation was 20 
minutes at 37°. 


TaBLe II 
Stoichiometry of AMP cleavage 
Conditions of Assay—Substrate and reaction products are as 
shown. Fet*, 2 umoles; triethanolamine, 40 wmoles; and enzyme 
protein, 24 ug. in 0.40 ml., incubated at 38° for 20 minutes in 
Experiments | and 2 and for 15 minutes in Experiment 3. 


Added | Recovered Difference 

ee Ortho- | Adeno- | Ortho- | Ad wg 
AMP |phosphate | sine | phosphate| sine | Phate minus 

pmoles pmoles pmoles | pmoles pmoles pmoles 

1 2.0 0 0 «0.95 0.94 +0.01 
2A 2.0 | 0 0.45 | 1.16 | 1.62 | —0.46 
2B 2.0 0.46 0 | 1.58 1.05 +0.53 
34 2.0 | 0 0.45 | 0.79 | 1.25 | —0.46 
3B 0 0.46 0 | 1.24 | 0.84 +0.40 


various nucleotides is also completely dependent upon Fet+. 
The constancy of the ratio of the rates of cleavage of the above 
mononucleotides by the crude and by the partially purified 
enzyme preparation is depicted in Table IILA, and suggests the 
participation of a single enzyme. Further support is lent to 
this presumption by the evidence presented in Table IIIB. In 
these two experiments we measured AMP, ADP, and ATP 
cleavage by the crude preparation and again by the partially 
purified preparation. Since the analyses can measure only 
adenosine and orthophosphate and not any of the probable 
intermediates (as from ADP and ATP), conditions were chosen 
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TaBLeE III 
Rates of cleavage of nucleotides 


Conditions of incubation—Ezperiment A. Triethanolamine di- 
alysate, 67 wg., or Fraction ‘15,’’ 12 wg., plus Fett, 2 wmoles; 
triethanolamine, pH 7.35, 40 wmoles, and substrate as shown 
in the following amounts: AMP, 1.00 wmoles; CMP, 0.98 ymoles; 
IMP, 0.87 umoles; UMP, 0.83 ymoles, in a total volume of 0.4 
ml. Mixtures were incubated 20 minutes for triethanolamine 
dialysate and 15 minutes for Fraction ‘‘15,’”’ both at 38°. Ez- 
periment B. Triethanolamine dialysate, 67 uwg., or Fraction ‘‘15,’’ 
24 wg., plus Fe**, 2 umoles; triethanolamine, pH 7.35, 40 umoles, 
and substrates as follows: AMP, 2.0 wmoles; ADP, 1.9 umoles; 
ATP, 2.1 umoles in a total volume of 0.40 ml. Components were 
incubated for 30 minutes in the case of the dialysate, 20 minutes 
for Fraction ‘'15,’’ both at 38°. At the end of the incubation, 
52 per cent of the AMP had been cleaved by the triethanolamine 
dialysate, and 60 per cent cleaved by Fraction ‘‘15’’ under the 
above eonditions. 


Comparison of rate of (Ratios of release of adenosine 


cleavage to rate of and phosphate from 
: cleavage of AMP various substrates 
Enzyme fraction Experiment A Experiment B 


AMP CMP; IMP, UMP, AMP ADP ATP 


C7 cr 


Triethanolamine 

Gialysate.......... 100 54,91 33) 1.0:1.0'1.0:1.61.0:2.4 
Fraction ‘'15’’ from 

100 | 56 37 1.0:1.11.0:1.51.0:2.6 


TABLE IV 
Activity of reducing agents and metal ions 
Conditions of Incubation—Each experiment contains: Fraction 
**15,”’ 24 ug.; AMP, 2 umoles; triethanolamine, pH 7, 40 umoles, 
and activator under observation in final concentration as shown. 
Values are expressed as percentage of effectiveness of orthophos- 
phate release relative to Fe**, 5 1073 M. 


Activator Concentration Effectiveness 
mM % 
5 | 100 
5 | 0 
5 | 20 
12 | 40 
| 5 | 0 
| 12 | 0 
12 0 
(Tetrahydrofolate)........ 5 20 
Cut (insoluble slurry)... 5 0 


so that the extent of cleavage of AMP by the two preparations 
would be the same. For each of the three substrates there are 
similar ratios of end products in the case of either enzyme 
preparation. 

There is no cleavage of 3’-AMP or of 2’-AMP. A mixture of 
2’UMP and 3’-UMP is not cleaved in this system. None of 
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the following phosphoric acid esters is hydrolyzed: ribose 5- 
phosphate, phosphoglyceric acid, triphosphopyridine nucleotide, 
glucose 6-phosphate, uridine diphosphoglucose or inorganic 
pyrophosphate. 

Reducing Agent—The cleavage of AMP in the presence of Fe++ 
ion at 0.005 m is 200 times faster than the cleavage in the absence 
of any metal reducing ion. During earlier fractionation, the 
enzyme could be activated by ascorbic acid, tetrahydrofolic 
acid, glutathione and to a lesser extent by 2-mercaptoethanol; 
however, Fet++ ion was by far the most active agent even in the 
crude material. In the purified fraction, only metallic reducing 
agents were effective. Fet+t+ is entirely inactive, but when 
added in the presence of 0.01 mM ascorbic acid, there is activation. 
Table IV lists the various metals and reducing agents tried and 
their relative efficacy in equimolar quantities compared to Fet. 
The slight activity of tetrahvdrofolate is presumed to be due to 
contamination with some metal; a sample was oxidized with 
concentrated nitric acid, ashed over an open flame and the ash 
redissolved in HO. This ash is inactive but in the presence of 
0.01 mM ascorbate is 60 per cent as active as the starting tetra- 
hydrofolate. In Fig. 1D is shown the effect of Fe*+* concentra- 
tion on AMP cleavage. { 

Inhibition Studies—In experiments in whigh 12 yg. of the 
partially purified enzyme protein was used, there was no sig- 
nificant inhibition by p-chloromercuribenzoate in final concen- 
trations of 0.25 mM nor by iodoacetate of 2.5 mm. At iodo- 
acetate concentrations of 0.025 mM, there was only 30 per cent 
inactivation. With ethylenediamine tetraacetate there was 15 
per cent inhibition at 2.5 mM, and 96 per cent at 12.5 mM. 


DISCUSSION 


Since the studies by Erdtman (10) concerning the activation of 
kidney phosphatase, the abilitv of various cations to enhance 
the action of phosphatases and nucleotidases has been well 
recognized (11-13). In most reports, it is stated that the 
enzyme has been somewhat active even in the absence of added 
metal ions, and the stimulatory effect varies from less than 
double to about 10-fold. There have been descriptions of 


phosphatases (14, 15) which are entirely mactive except in the | 


presence of metals. 

For the most part, Mg** and Mn++ have been found to be the 
most effective metal activators, and whenever Cot+, Cd*, 
Fe++, or Ca++ (with the exception of myosin ATPase) have 
been mentioned, they are recorded as being of secondary in- 
portance. In no instance was the likelihood mentioned that 
Fe++, when active, might be serving as a reducing agent. 

Several phosphatases and nucleotidases have been activated 
to varving extents by certain organic reducing agents: glu- 
tathione, cysteine, and ascorbie acid (15, 16). Singer and 
Barron (17) and Gilmour and Calaby (15) have shown that 
there is 96 per cent inactivation of muscle ATPase for mammals 
and insects by p-chloromercuribenzoate in concentrations o! 
6 X 10-4 and 5 X 10-* M; they have thus postulated the in- 
activation of their enzymes by mercaptide formation at critical | 
sites within the protein moicty. Sizer (18) has shown the effect 
of oxidants at E, potentials greater than 400 millivolts in in 
hibiting mammalian phosphatases, but he demonstrated no 
stimulation by reducing agents above the level exhibited in the 
absence of reducing agents. 

There are few reports dealing with bacterial phosphatases 
and nucleotidases, and no report of nucleotidases in Clostridi 


| 

| 

| 

| 

| 
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has been encountered. Stadtman and Earl* have found in 
extracts of Clostridium propionicum an enzyme which is ferrous 
iron-dependent and catalyses the hydrolysis of diphospho- 
pyridine nucleotide to 2 moles of orthophosphate, 1 mole of 
adenosine and 1 mole of nicotinamide ribonucleoside. The 
enzyme also cleaves nicotinamide mononucleotide and AMP 
into the corresponding ribonucleosides and orthophosphate. 
However, their enzyme will not cleave the di- and triphosphoric 
acid esters of adenosine or the mononucleotides of guanosine, 
evtosine, or uridine.® An iron-activated nucleotidase was not 
demonstrable in a crude sonic extract of Clostridium kluyvert. 
Several observations lead us to postulate that, in this system, 
Fe**+ is serving as a “reductant” as well as a heavy metal ac- 
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tivator: (a) the inactivity of Fe++*+ and the maximal stimulatory 
effect of Fe++; (6) the activation of the purified preparation by 
Fe*++ plus ascorbic acid, neither of which is active alone; (c) 
the inactivity of such divalent cations as Mg++, Cat+, Zn++, and 
Cd*+* which are not known to be reducing agents. 


SUMMARY 


The isolation and partial purification of an anaerobic bacterial 
nucleotidase is described. It is completely dependent upon a 
reduced metal ion, and catalyzes the cleavage of 5’-nucleotides, 
but not of 2’- or 3’-nucleotides. Ferrous iron has been found to 
be the most active stimulatory ion. The partially purified 
enzyme is unusually stable to heating. : 
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The Ability of Purine and Thymine Derivatives and of Glycine to 
Support the Growth of Mammalian Cells in Culture* 
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From the Department of Experimental Therapeutics, Roswell Park Memorial Institute, Buffalo, New York 
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Mammalian cells do not require any purine or pyrimidine for adenine nucleosides and nucleotides were inhibitory. On the ) 
growth in Eagle’s medium (1, 2), but the presence of some form other hand, an excess of hypoxanthine inhibited the growth of d 
of folic acid is obligatory (3). The growth of mouse sarcoma  S-180 cells, whereas hypoxanthine nucleosides and nucleotides , 
cells (S-180) is independent of this vitamin if the medium is did not. These results are in agreement with the studies by : 
supplemented with a naturally occurring purine, thymidine, and Hughes (7), who found that exposure of chick embryo osteo- ¢ 
glycine (4). When the function of folic acid was blocked with blasts to 4 x 10-4 mM concentration of adenosine for 30 to 60 
4-amino-N'°-methylpteroylglutamic acid (amethopterin), condi- minutes caused disintegration of nucleoli, whereas adenine even 
tions were created which permitted investigation of the ability at higher concentrations did not. It appears that purine nucleo- 
of purine and thymidine derivatives and of glycine to support sides may enter the cells without being cleaved. Finally, the 
the growth of two human cell lines in addition to S-180. Inthe growth of HeLa cells, unlike that of 8-180 cells, was inhibited by r 
present study the requirement for each of these metabolites was an excess of either adenine (Fig. 1), adenosine, or deoxyadeno- 
determined in media supplemented with optimal concentrations sine. These observations emphasize that the growth of man- 
of the other two compounds. malian cells in culture is sensitive to concentration changes and se 

often the optimal range is quite narrow. " 
EXPERIMENTAL I 


S-180 cells used guanosine, deoxyguanosine, and guanylic H 

The cell lines used in this study were derived from mouse acids (2’, 3’) and (5’) as the only source of purines for limited hi 
sarcoma 5-180, human carcinoma (HeLa), and human mono- _ growth (Fig. 2), a fact indicating that these guanine compounds | 4, 
eytic leukemia (J-111), all purchased from Microbiological were converted to adenine to some degree. In contrast, the} A 
Associates, Bethesda, Maryland. growth of HeLa cells was not supported by guanine compounds. | D. 

The stock cultures were carried in Eagle’s medium (1, 2) Although this difference between the two cell types could be | A 
containing 10 per cent horse serum. Nutritional studies were interpreted as a qualitative one, actually it may reflect only a 
carried out with the use of a medium containing 10 per cent quantitative difference in metabolism. HeLa cells probably 
whole horse serum or 5 per cent dialyzed serum, as specified. form less adenine from guanine than is necessary for growth. 
Dialysis affected only the glycine requirement whereas the This assumption is supported by the results of Pileri and Ledoux 35 
requirements for a purine and thymidine remained unchanged. (8) which showed good utilization of guanine-8-C™ by Hela 
The experimental techniques of Eagle (2, 3) were followed, and cells but only slight conversion to adenine. 


after an incubation period of 7 days was completed, growth was Xanthosine, adenylosuccinate,' isoguanine, and 2 ,6-diamino- 
measured by a protein determination (5). In experiments with — purine failed to promote the growth of S-180 cells in a medium poe 
thymine, DNA was also measured (6). supplemented with amethopterin, thymidine, and glycine. thy 
Thymidine Sources—In a medium supplemented with amethop | py, 

terin, the introduction of the 5-methyl group of thymine ogy 


Purine Sources—When the cells grow in a medium supple- prevented. Thymidine, 5-methylcytosine deoxyribonucleoside, | jp , 
mented with amethopterin, thymidine, glycine, and a purine, and thymidylic acid were the only compounds, of those tested, | ge, 
the latter serves as the sole source of adenine and guanine of found to be capable of supporting a full growth of HeLa, S-180,] 5), 
nucleic acids, and of purine-containing cofactors and nucleotides. and J-111 cells in such a medium supplemented with glycine the 
Fig. 1 presents the growth response of 5-180 and HeLa cells to and hypoxanthine. The growth response of J-111 cells to these | gy 
adenine. The growth response curves of these cell lines with compounds is shown in Fig. 3, and Table II lists the growth- | cyti 
other purines duplicated the corresponding curves in Fig. | up promoting capacities of the compounds for S-180 and Hela} o¢, 
to maximal growth. Table [ lists those purine compounds which cells. About twice as high a concentration of thymidine con- T 
supported full growth of S-180 cells and the concentrations pounds was required by HeLa as by 5-180 cells. This was not} goo, 
necessary for half of maximal growth. It shows that all the the case with purines, the concentration of which necessary for eroy 


compounds listed were equally effective. HeLa cells was about one-half of that for S-180. These dil-|  teng 
The growth of 5-180 cells was not inhibited by high concentra- ferences suggest that the responses to thymidine and purine; of 5 
tions of adenine (Fig. 1), whereas similar concentrations of analogues by HeLa and 8-180 cells might also be different. man 
* This study was supported in part by the Dorothy W. and 1 Adenylosuccinate was a gift from Dr. Leonard Cohen, Roswell 2} 


Lewis Rosenstiel Foundation. Park Memorial Institute. ing | 
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Fic. 1. The ability of adenine to support the growth of S-180 
and HeLa cells. S-180 cells were grown in Eagle’s medium sup- 
plemented with 1 X 10-® m amethopterin, 3 X 10-5 m glycine, and 
3 X 10-* m thymidine; and HeLa cells, in Eagle’s medium supple- 
mented with 1 m amethopterin, 3 10-4 m glycine, and 
3 X 10-5 m thymidine. Controls in each case were grown in un- 
supplemented Eagle’s medium which supported 6- to 7-fold in- 
creases in total protein. 


TABLE I 


Ability of purines and derivatives to support growth 
of S-180 cells in amethopterin medium* 


’ Concentration required for 
Compound half of maximal growtht 
mM X 105 
Hypoxanthine deoxyribonucleoside. ... . 1.4 
Deoxyadenosine........................ 1.4 
Adenylic acid (2’, 3’)................... 1.0 
Deoxyadenylic acid (5’)................ 1.0 


* Eagle’s medium supplemented with 1 X 10-* m amethopterin, 
3 X 10-5 Mm glycine, and 3 X 10-5 mM thymidine. | 
+ Maximal growth was 6- to 7-fold relative to the inoculum. 


Thymine did not support the growth of 8-180 or J-111 cells 
and permitted only slow growth of HeLa cells. In 1 week 
thymine (3 x 10-5 to 10-4 m) supported a 3-fold increase of 
HeLa cells as indicated by protein and DNA analysis. HeLa 
cells differ from S-180 also with respect to their ability to grow 
in a medium in which thymidine is replaced by 5-bromouracil 
deoxyribonucleoside (9). Dihydrothymidine, ribosylthymine,? 
5-hydroxymethyluracil, and 5-methyleytosine did not support 
the growth of any of the cell lines. S-180 cells failed to grow 
even on a mixture of thymine or ribosylthymine with deoxy- 
cytidine or deoxyadenosine, a finding indicating the lack of 
efficient transdeoxyribosylation mechanisms. 

These studies show that thymine must be in the form of a 
deoxyribonucleoside or deoxyribonucleotide to support fully the 
growth of mammalian cells. Thus it is probable that no ex- 
tensive cleavage to form free thymine occurs. The utilization 


of 5-methyleytosine deoxyribonucleoside indicates the ability of 


mammalian cells to deaminate it to form thymidine. The 


_ * Ribosylthymine was a gift from Dr. Jack Fox, Sloan-Ketter- 
«ing Institute for Cancer Research. 
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Fic. 2. The ability of guanine derivatives to support the 
growth of S-180 cells. Eagle’s medium supplemented with 1 X 
10-* m amethopterin, 3 X 10-5 m glycine, and 3 X 10-5 m thymidine 
was used; the control was grown in unsupplemented Eagle’s 
medium. 


10°5 


THYMIDYLIC ACID 
THYMIDINE 
METHYLCY TOSINE DEOXYRIBOSIDE 


TOTAL PROTEIN 
RELATIVE TO INOCULUM 


2! 
INOCULUM 
THYMINE DERIVATIVE 


M THYMINE DERIVATIVE 
Fic. 3. The ability of thymine derivatives to support the 
growth of J-111 cells. KEagle’s medium supplemented with 1 X 
10-* mM amethopterin, 3 X 10-4 M glycine, and 3 X 10-° m hypoxan- 
thine was used. The control was grown in unsupplemented 
Kagle’s medium which supported a 9-fold increase in total protein. 


TABLE II 


Ability of thymine derivatives to support growth of S-180 and HeLa 
cells in amethopterin medium* 


Concentration required for half of 
maximal growth,t m X 10° 
Compound 
S-180 HeLa 
5-Methyleytosine deoxyribo- 
Thymidylic acid (5’)............ 2.5 6.2 


* For 8-180 cells Eagle’s medium was supplemented with 1 X 
10-* m amethopterin, 3 X 10-5 m glycine, and 1 X 10~* m hypo- 
xanthine. For HeLa cells Eagle’s medium was supplemented 
with 1 X 10-° M amethopterin, 3 X 10-4 m glycine, and 3 X 1075 
M hypoxanthine. 

7 Maximal growth was 6- to 7-fold relative to the inoculum. 


presence of such an enzyme system in Escherichia coli was 
demonstrated by Cohen and Barner (10). In this connection it 
is interesting to note that the incorporation of formate-C™ into 
DNA thymine in vitro was stimulated more by cytosine nucleo- 
sides than by uracil nucleosides as shown by Prusoff (11). 
Glycine Sources—T ytell et al. (12) found that primary cultures 


100 
! 
Py 
J 
50 
/ 

e 
of 
es 
0- 
en 

| 
nd 
lic | 
ed 
ds 
he 
ds. 
be 
ly 
yUX 
um 
» 
ide, 
80, 
ese 
vth- 
eLa 
om- 
not | 
for | 
dif- | 


128 


5% DIALYSED HORSE SERUM 


TOTAL PROTEIN 
RELATIVE TO INOCULUM 


2 @--®@ 10% WHOLE HORSE SERUM 
INOCULUM 
0-4 T T T 
10-4 
M GLYCINE 


Fic. 4. Dependence of the glycine requirement of HeLa cells 
onserum. Eagle’s medium supplemented with 1 K 10-§ Mm ameth- 
opterin, 3 X 10-5 m hypoxanthine and 3 X 10-5 m thymidine was 
used. 


of monkey testicular cells have a requirement for glycine, whereas 
rabbit fibroblasts require L-serine for growth as shown by Haff 
and Swim (13). It was established by Fischer et al. (14) that 
both of these amino acids are synthesized de novo by chick heart 
fibroblasts. 

Since none of the cell lines studied here requires exogenous 
L-serine or glycine for growth, these compounds must be syn- 
thesized by the cells. The requirement for glycine, but not for 
serine, appeared when the function of folic acid was blocked by 
amethopterin. This indicates that normally the direction of the 
biosynthetic process is from L-serine to glycine. In the presence 
of whole horse serum (10 per cent) only slight improvement in 
growth resulted from supplementation of the medium with 
glycine (Fig. 4). The requirement for added glycine became 
critical only when dialyzed serum (5 per cent) was used. Under 
these conditions, the cells could also grow on glycyl-glycine or 
glyeyl-glycyl-glycine. 

The requirement for glycine, as for a purine and _ thy- 
midine, by mammalian cells in culture may be influenced by 
the availability or functional capacity of folic acid co- 
tactors. Cell culture in which the action of folic acid is 
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blocked could be useful for several types of studies such as 
the following. (a) Serine biosynthesis: L-serine is formed but 
serine-glycine interconversion and the other related reactions 
are eliminated; (6) purine interconversions: the single purine 
supplied in the medium has to serve as the only source of all 
the purine derivatives occurring in the cells and thus pathways 
of interconversion can be studied better than in systems in which 
synthesis de novo occurs simultaneously. The application in 
studies of specific inhibitors is apparent; (c) nucleic acid syn- 
thesis: cells can be forced to utilize labeled purine and thy- 
midine derivatives only, and thus the nature of pathways of 
synthesis of nucleic acids could be elucidated. 


SUMMARY 


The mammalian cell lines derived from mouse sarcoma (S-180), 
human carcinoma (HeLa), and human monocytic leukemia 
(J-111) were examined for their nutritional requirements in 
culture in Eagle’s medium supplemented with 1 xX 10-* x 
4-amino-N?°-methylpteroylglutamic acid (amethopterin). 

Hypoxanthine, adenine, and their nucleosides and _nucleo- 
tides were equally effective in supporting growth in the presence 
of thymidine and glycine. The concentrations required for half 
of maximal growth were about twice as high for S-180 (1 x 10-3 
mM) as for HeLa cells (5 10-§m). Xanthosine, adenylosuccinate, 
isoguanine, and 2,6-diaminopurine did not support the growth 
of these cells. Guanine nucleosides and nucleotides supported 
limited growth of S-180 but not of HeLa cells. 

In such a medium the thymidine requirement of S-180, HeLa, 
and J-111 cells could also be satisfied by 5-methylcytosine 
deoxyribonucleoside or thymidylic acid. The concentrations 
required for half of maximal growth were about twice as high 
for HeLa (5 to 6 M) as for S-180 cells (2 to 3 M). 
Dihydrothymidine, ribosylthymine, 5-methylcytosine, and 5- 
hydroxymethyluracil failed to support the growth. Thymine 
supported limited growth of HeLa but not of S-180 or J-111 cells. 

A requirement of 8-180 and HeLa cells for glycine but not for 
serine appeared only in amethopterin-supplemented medium. 
Glycyl-glycine and glycyl-glycyl-glycine were also effective. 
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When mice receive injections of high doses of nicotinamide 
there is a temporary 10-fold increase in the diphosphopyridine 
nucleotide content of the liver (1). This increase does not occur 
at the expense of adenine and ribose phosphate already present, 
since there is a net increase in the adenine, ribose, and organic 
phosphate content of the liver. These changes correspond 
closely to the change in amount of DPN, so that it is possible 
to follow DPN synthesis by measuring the increase in acid-soluble 
adenine (1). Maximal synthesis of DPN results in a doubling 
of the acid-soluble adenine content of the liver without any 
detectable changes in the amount of adenine nucleotides (other 
than DPN), ribonucleic acid, or deoxyribonucleic acid (2). The 
increase in liver DPN would therefore require either mobiliza- 
tion of adenine from sources outside the liver or new synthesis. 

In previous work it was found that when mice were injected 
with nicotinamide there was increased incorporation of radio- 
activity from glucose-C™ into the ribose of free adenylic acid 
as well as the ribose of DPN (3). This would suggest that there 
is an increased synthesis of ribose for the formation of DPN. 

The present report deals with the effect of nicotinamide on 
the incorporation of formate-C'™ and glycine-2-C™ into the 
adenine and protein of mouse liver. The fact that nicotinamide 
injection increases the incorporation of these precursors into 
adenine but not into protein seems to indicate that there is 
an increased net synthesis of adenine which is related to DPN 
synthesis. In addition there are some situations where nicotin- 
amide appears to stimulate the incorporation of formate-C"™ into 
adenine without affecting glycine incorporation. 


EXPERIMENTAL 


C'Jabeled compounds were purchased from commercial 
sources and had an activity of 1 to 2 we. per umole. Reserpine 
(Serpasil) was kindly supplied by Ciba Pharmaceutical Products, 
Ine. 

Methods for isolating and measuring DPN and free adenylic 
acid from mouse liver have been described previously (3). Ex- 
cept where otherwise noted radioactive compounds were ad- 
ministered intraperitoneally at a level of 5 we. per mouse. Total 
acid-soluble adenine was isolated as the silver salt after hydroly- 
sis of a 5 per cent trichloroacetic acid extract in 1 N H2SO, at 
100° for 1 hour (4). Silver was removed with hot HCl and free 
adenine was purified by chromatography in methanol-concen- 
trated HCl-water (100:34:66) (5). The adenine was eluted with 
0.1 N HCl, its concentration was determined according to Bendich 
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(6), and an aliquot was plated for measurement of radioactivity 
in a proportional gas flow counter. 

The precipitate which resulted from homogenizing the liver 
in 5 per cent trichloroacetic acid was washed twice with cold 
trichloroacetic acid, then extracted with 5 per cent trichloro- 
acetic acid at 100° for 30 minutes to remove nucleic acids (7). 
The protein residue was washed with water, ethanol, and ether. 
A sample was dissolved in hot formamide and an aliquot con- 
taining 1 mg. of protein was plated on a stainless steel planchet 
and dried under an infrared lamp for counting. 


RESULTS 


Effect of Nicotinamide on Incorporation of Formate and Glycine 
—The incorporation of formate-C™ into the acid-soluble adenine 
of mouse liver was increased by previous injection of nicotina- 
mide (Fig. 1). This increase was as great as that observed 
after the injection of AIC.!. The effect of nicotinamide on 
formate incorporation is, however, apparently not related to 
any change in the AIC content of the liver. As determined by 
the method of Ravel et al. (8), no free AIC could be detected in 
the liver at any time after nicotinamide injection, although large 
amounts of AIC were detected in the liver by this method after 
the injection of AIC itself. Also, no additional increases in 
formate incorporation were observed when mice were injected 
with both AIC and nicotinamide. When the nicotinamide was 
injected just before formate-C™ the initial slope of the resulting 
curve for formate incorporation was less than when the nicotina- 
mide was injected 6 hours before formate. Nicotinamide did 
not stimulate formate incorporation into liver protein (Fig. 2). 

The incorporation of glycine-2-C™ into acid-soluble adenine 
is shown in Fig. 3. Stimulation of glycine incorporation by 
nicotinamide in the first 5 or 10 minutes was much less pro- 
nounced than stimulation of formate incorporation. Nicotina- 
mide had no effect on the incorporation of glycine into liver 
protein. 

Incorporation during Short Time Periods—The incorporation 
of formate-C™ during the first 5 minutes after injection was 
examined closely. It was established in a number of control 
experiments that reproducible results could be obtained for such 
a brief interval. In a large number of trials the specific activity 
of acid-soluble liver adenine from mice killed 5 minutes after 
intraperitoneal injection of 5 ue. of sodium formate-C™ ranged 
between 100 and 200 ¢.p.m. per umole. When formate-C'™ 
was administered by injection 6 hours after nicotinamide (500 


1 The abbreviation used is: AIC, 5-amino-4-imidazolecarbox- 
amide. 
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AIC 


3000 


CPM/MICROMOLE ACID-SOLUBLE ADENINE 


cv00 
NICOTINAMIDE 
1000 me 
SALINE 
5 
1¢) 50 100 150 200 


MINUTES AFTER FORMATE-c'* 


Fic. 1. Incorporation of formate-C!* into acid-soluble liver 
adenine. Mice were killed at various times after intraperitoneal 
injection with 5 ue. of formate-C!4, and acid-soluble adenine was 
isolated from the liver. Nicotinamide (500 mg. per kg.) was 
given by intraperitoneal injection 6 hours before the formate. 
5-amino-4-imidazolecarboxamide (500 mg. per kg.) was given by 
intraperitoneal injection 5 minutes before formate. Controls 
received injections of 0.9% NaCl. Each curve represents 2 or 
more experiments involving either 1 or 2 mice for each point. 


8004 - 
700b 
SOOT NICOTINAMIDE 


300F 
SALINE 


CPM PER MG. PROTEIN 


Nicotinamide and Formate Incorporation 


O | | | 
OQ 30 lOO 2OO 


MINUTES AFTER FORMATE 


Fic. 2. Incorporation of formate-C" into liver proteins. 
ditions were those described for Fig. 1. 


Con- 


mg. per kg.) the specific activity at 5 minutes was 1000 to 2000 
¢.p.m. per umole. 

There was a much greater stimulation of 5-minute formate 
incorporation into free adenylic acid than into DPN (Table I). 
The increased total incorporation into DPN was attributable to 
the increased amount of DPN at 6 hours resulting from previous 
administration of nicotinamide rather than any increase in its 
specific activity. Nicotinamide did not appear to stimulate 
glycine incorporation under these conditions. Both the specific 
activity and total activity of DPN isolated 5 minutes after the 
injection of glycine-2-C™ were very low and difficult to measure 
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Fig. 3. Incorporation of glycine-2-C into acid-soluble liver 
adenine. Conditions were the same as for Fig. 1. 


TABLE I 
Effect of nicotinamide on 5-minute incorporation 
of formate and glycine 
All mice received an injection of 500 mg. per kg. of nicotinamide. 
Labeled precursors (5 we.) were administered immediately after 
or 6 hours after nicotinamide injection. Values given are the 
average of 2 experiments, each involving 2 mice per group. 


- Incorporation during 5-minute interval 
t 
Precursor 

DPN | AMP 

c.p.m./pmole c.p.m./pmole 
Formate-C!4 0 267 193 154 
6 105 895 2720 
ylyeine-2-C!4 0 462 
6 4i3 


accurately, but no significant changes could be detected as a 
result of nicotinamide administration. 

Effect of Changes in DPN Content—Pyridine nucleotides are 
known to participate in the reduction of the folic acid coenzymes 
which are required for the incorporation of formate into the 
purine ring (9). Perhaps the observed stimulation of formate 
incorporation by nicotinamide could be attributed to the pres- 
ence of large amounts of pyridine nucleotides in the liver. In 
order to test this possibility the DPN content of the liver was 
altered in a number of different ways. These included varying 
the time after nicotinamide administration, varying the dose of 
nicotinamide, and maintaining an elevated level of DPN by 
giving reserpine together with nicotinamide. : 

5§-Minute Formate Incorporation at Various Times after Nico- 
tinamide—Mice were given injections of nicotinamide (500 mg. 
per kg.) and 5-minute formate incorporation into acid-soluble 
adenine was measured at different times (Fig. 4). 
considerable variability was encountered there was no direct 
proportionality between DPN content and formate incorpora- 
tion. Maximal specific activity was observed within 30 to 60 
minutes after nicotinamide injection, whereas DPN content was 
greatest at 8 to 10 hours. Both formate incorporation and DPN 
content returned to approximately normal values by 24 hours. 
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HOURS AFTER NICOTINAMIDE 


Fic. 4. 5-minute incorporation of formate and glycine at vari- 
ous times after the injection of nicotinamide (500 mg. per kg.). 
Each point is the average of 3 experiments involving 1 or 2 mice. 


There was little change in control values obtained at various 
times after injection of saline solution. 

The 5-minute incorporation of glycine into acid-soluble 
adenine at different times after nicotinamide injection was 
relatively constant. 

Formate Incorporation at 6 Hours After Various Doses of 
Nicotinamide—When 5-minute incorporation of formate-C'™ was 
measured at 6 hours after the injection of different doses of 
nicotinamide, there was only partial correspondence between 
incorporation into acid-soluble adenine and the nicotinamide 
dosage or the amount of DPN in the liver (Fig. 5). Maximal 
incorporation was observed when 300 mg. of nicotinamide per 
kg. were given. Similar results were obtained when this experi- 
ment was repeated. 

Formate Incorporation and DPN Content after Reserpine— 
Burton et al. (10) have shown that reserpine will cause high DPN 
levels to persist for 24 to 48 hours in the livers of mice given 
nicotinamide. There was little increase in formate incorporation 
at various times after administration of reserpine and nicotina- 
mide, even while a high content of DPN was maintained (Table 
Il). Similar results were obtained in other experiments when 
5-minute formate incorporation was measured at 6, 24, and 48 
hours after reserpine and nicotinamide were given. 

Formate Incorporation in Other Organs—The stimulation of 
DPN synthesis by nicotinamide is much less in other organs than 
in liver (1). Nicotinamide (500 mg. per kg. by injection) was 
found to have very little effect on either DPN synthesis or 
formate incorporation in vivo into the acid-soluble adenine of 
mouse intestine or Ehrlich ascites cells. 

Formate Incorporation in Nicotinamide-Deficient Mice—Wean- 
ling mice were fed a synthetic diet deficient in nicotinamide (11) 
for 4 weeks. At the end of this time the mice showed no gain 
in weight and some of them had died. Control animals, fed the 
same diet with nicotinamide added, gained an average of 5 gm. 
in this time. The DPN content of the livers of the deficient 
animals was about 75 per cent of normal values. This agrees 
with similar observations made on deficient rats (12). Formate 
(or glycine) incorporation into the acid-soluble liver adenine of 
deficient animals was not significantly different from control 
values. 

The data obtained by these various approaches suggest that 
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ADENINE 


CPM PER MICROMOLE ACID-SOLUBLE 


O S00 
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Fic. 5. Effect of nicotinamide dosage on the 5-minute incor- 
poration of formate into acid-soluble liver adenine. Mice re- 
ceived intraperitoneal injections with different doses of nicotin- 
amide. After 6, hours they were given C'4-labeled formate or 
glycine by injection and were killed 5 minutes later. Each point 
is the average of 2 experiments. 


TABLE II 


Effect of maintaining DPN concentration with reserpine 
on formate incorporation 
Reserpine was administered 5 minutes before injection of 
nicotinamide (500 mg. per kg.) or saline solution. Formate-C'* 
was given 24 hours after administration of the nicotinamide, and 
the mice were killed 1 hour after receiving formate by injection. 
Each value represents a sample of 2 mice. 


Reserpine | Nicotinamide | Liver DPN ‘Acid-soluble adenine 
mg./kg. | meg./keg. | pumoles/ gm. | c.p.m./pmole 
0 | 0 i” ae 861 
500 | 0.85 | 426 
10 | 0 0.72 254 
4.4 484 


10 | 500 


although stimulation of formate incorporation into adenine by 
nicotinamide may be related to its effect on the synthesis of 
DPN, there is no clear correlation between the DPN content of 
the liver and the extent of formate incorporation. 

Indications of Formate Exchange—Net synthesis of the purine 
ring involves the incorporation of equal amounts of formate and 
glycine. Differences in the extent to which glycine and formate 
are incorporated into adenine in vitro and in vivo have been 
interpreted to indicate the preferential exchange of formate into 
the adenine ring under conditions in which there is little net 
synthesis (13, 14). The mechanism for the exchange of formate 
into carbon-2 of inosinic acid in vitro has been elucidated by 
Warren et al. (9). However, the work of Bennett and Karlsson 
(15) with variously labeled adenine-C"™ failed to reveal the oc- 
currence of such an exchange in the whole mouse. 

Differences have been observed in the incorporation of glycine 
and formate after nicotinamide administration which suggest 
that some exchange reactions in vivo may be involved. Ex- 
amples of greatly increased incorporation of formate into ade- 
nine under conditions in which there is little change in the 
incorporation of glycine are shown in Table I and Fig. 4. At- 
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TaBLeE III 
Incorporation of some precursors into DPN during successive intervals after nicotinamide administration 
Mice were given labeled percursors by injection at various times after the injection of 500 mg. of nicotinamide per kg. The mice 


were killed 30 minutes after the injection of precursor. 
mouse, the amount of labeled precursor was 5 uc. per mouse. 


Except for adenine-8-C', which was administered at a level of 2.5 uc. per 
Each value represents a sample of 3 mice. 


The c.p.m. of DPN per gm. 


of liver represents total activity, and the c.p.m. per umole is specific activity. 


Interval Formate-C Glycine-2-C'4 Uniformly labeled glucose-C'4 Adenine-8-C'4 

0-0.5 1,600 1,478 2,300 2,350 1,365 1,350 31,100 29, 600 
1-1.5 2,095 1,210 : 1,335 780 

2-2.5 8, 700 3,840 2,380 930 655 324 34, 500 13,800 
4-4.5 13, 300 4,050 5,540 785 835 256 

5-5.5 2,430 600 45,000 15,100 
6-6.5 20,475 4,630 4,520 1,200 464 134 39, 400 9,650 


tempts were also made to compare glycine and formate incorpo- 
ration under other conditions. 

Incorporation of Some Precursors under Conditions of Constant 
DPN Synthesis—The incorporation into DPN of formate, 
glycine, adenine, and glucose was measured during successive 
half-hour intervals after the injection of nicotinamide. The 
amount of DPN synthesized during these intervals was constant 
at 0.5 to 0.7 uwmoles per gm. of liver. Total incorporation into 
DPN as well as specific activity are shown in Table III. 

For a situation in which net synthesis but no exchange is 
taking place, one might expect a constant rate of precursor 
incorporation corresponding to a constant rate of DPN synthesis. 
Specific activity should decrease because of dilution by unlabeled 
DPN already present. 

None of the precursors used was incorporated in complete 
agreement with this expectation. In the case of glucose-C™ 
there was a decrease in total incorporation as well as specific 
activity. Total incorporation of adenine and glycine into DPN 
was relatively constant, but the specific activity at 6 to 6.5 
hours was half of that at 0 to 0.5 hours. 

The incorporation of formate was considerably different from 
that of the other precursors. There was a 2- to 3-fold increase 
in the specific activity of DPN and a 10-fold increase in total 
incorporation. The specific activity of free AMP at 6 to 6.5 
hours was almost 20 times that at 0 to 0.5 hours, and this change 
was reflected as an increase in the specific activity of nucleic acid 
adenine. These results might be attributed to the possible 
occurrence of some exchange reaction by which formate enters 
preformed adenine. 

Degradation of Acid-Soluble Adenine-C'*—At 6 hours after 
the administration of 500 mg. of nicotinamide per kg. formate- 
C' was given by injection and the mice were killed after 5 min- 
utes. Acid-soluble liver adenine was isolated and degraded 
according to Korn (16). In two experiments the activity ratio 
of carbon-2 to carbon-8 of the purine ring was 2.0 and 1.7. 
Although this may indicate some preferential exchange of for- 
mate-C™ into carbon-2, the differences are considerably less 
than might be expected from the different rates of incorporation 
of glycine and formate. 


DISCUSSION 


The observation that nicotinamide stimulates the incorpo- 
ration of formate and glycine into adenine indicates that the 
increase in liver adenine produced by administering nicotinamide 
represents a net synthesis. 


Such a stimulation would not be 


expected if nicotinamide merely caused the transfer of preformed 
adenine into the liver for DPN synthesis. 

The nicotinamide-induced synthesis of DPN affords a unique 
opportunity for the study of net purine synthesis over a short 
time period in the intact animal. This makes it especially 
useful for investigating chemotherapeutic agents which are 
believed to interfere with purine synthesis (2). 

Since there is a significant increase in liver adenine content, 
the incorporation of labeled precursors can be correlated with 
net synthesis in a manner which reveals the occurrence of ex- 
change reactions in vivo. Such exchange reactions seem to play 
a role in the incorporation of formate. 

The postulation of formate exchange is based on the manner in 
which formate is incorporated in comparison with glycine, and on 
variations in the amount of formate which can be incorporated 
while the amount of DPN synthesis remains constant. Nico- 
tinamide given by injection does not seem to cause an over-all 
increase in the metabolism of formate since there is no change 
in the conversion of formate-C™ to expired CO: (2) and no in- 
crease in the labeling of liver proteins. 


SUMMARY 


1. When mice were given 500 mg. of nicotinamide per kg. 
by injection, there was a 5- to 10-fold increase in the incorporation 
in vivo of formate-C™ and glycine-2-C™ into the acid-soluble 
adenine of the liver. 

2. Nicotinamide did not affect the incorporation of formate 
or glycine into liver proteins. 

3. When given 6 hours before the formate, nicotinamide 
stimulated the incorporation of formate into liver adenylic acid 
during the first 5 minutes after injection without affecting glycine 
incorporation. Differences in formate incorporation could not 
be related directly to differences in diphosphopyridine nucleotide 
content of the liver. : 

4. The incorporation of various precursors was measured 
during successive half-hour intervals from 0 to 6 hours after 
nicotinamide injection. The specific activity of liver diphos- 
phopyridine nucleotide and total incorporation into diphospho- 
pyridine nucleotide remained constant or decreased in the case 
of glucose, glycine, and adenine. With formate there was a 2- 
to 3-fold increase in specific activity and a 10-fold increase in 
total incorporation. Together with other data these results 
suggest the occurrence of some exchange reactions for the 
incorporation of formate into the adenine ring. 

5. It is concluded that high doses of nicotinamide stimulate 
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the net synthesis of the adenine moiety required for the forma- 


tion of new diphosphopyridine nucleotide. 
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Effect of Pyridine Derivatives on Animal Tissue 


Diphosphopyridine Nucleotidases* 
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Previous reports from this laboratory have shown that the 
animal tissue diphosphopyridine nucleotidases possess both 
trans-N-glycosidic and hydrolytic activities. (1-3). In the 
course of studying the action of INH! on tissue DPNases, it was 
noted that this compound had an unusual effect on enzymes from 
different species. It was found that the enzymes from beef, 
sheep, and goat tissues were all very markedly inhibited by 
INH, whereas the DPN cleavage from other species (t.e. rodent, 
horse, pig, human, and frog) was not influenced by the compound. 
The enzymes which were inhibited by the INH have been referred 
to as being ‘‘INH-sensitive,” and those which were not inhibited 
as ““[NH-insensitive’’ (2). The INH-insensitive systems were 
found to form readily the INH analogue of DPN under conditions 
in which no synthesis of the coenzyme analogue could be observed 
with the “sensitive” enzymes. This publication presents fur- 
ther information with respect to the difference in response of the 
two types of DPNases to pyridine compounds. 


MATERIALS AND METHODS 


The pig brain and beef spleen DPNases were prepared by pro- 
cedures previously described (1, 4, 5); DPN breakdown was fol- 
lowed by reaction with yeast alcohol dehydrogenase as described 
by Zatman et al. (2). The INH analogue of DPN was meas- 
ured by the increase in optical density at 385 my after the intro- 
duction of 0.1 m NaOH (2). Formation of the analogue from 
the isopropy! derivative of INH (Marsilid, Hoffman-LaRoche), 
was followed by the rise in optical density at 410 my in 0.1 m 
alkali. The acetyl pyridine analogue of DPN was determined 
by the change in optical density at 365 my upon reduction with 
crystalline veast alcohol dehydrogenase. 

Most of the pyridine bases were obtained from the Aldrich 
Laboratories or synthesized in this laboratory by known proce- 


* Contribution No. 237 of the MeCollum-Pratt Institute, The 
Johns Hopkins University, and Publication No. 9 of the 
Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts. Aided by grants from the National 
Cancer Institute, National Institutes of Health (Grant No. 
NIH-CY-3611), the American Cancer Society, and the American 
Heart Association. 

+ Present address: Graduate Department of Biochemistry, 
Brandeis University, Waltham, Massachusetts. 

t Present address: Department of Biochemistry, Vanderbilt 
University, Nashville, Tennessee. 

§ Department of Pharmacology, Washington University Med- 
ical School, St. Louis, Missouri. 

1 The abbreviation used is: INH, isonicotinie acid hydrazide. 


dures. The various hydroxamic acids were generously supplied 
by Dr. B. Jandorf of the Chemical Warfare Division, Edgewood, 
Maryland. 

Formation of INH Analogue by Pig Brain and Beef Spleen 
DPNases—In an earlier paper it was reported that the beef 
spleen enzyme did not form the INH analogue of DPN (2). 
Later, however, Goldman(6) demonstrated the formation of this 
analogue by the beef spleen catalyst when large amounts of the 
enzyme and long periods of incubation were used. We have 
confirmed this observation. Fig. 1 compares the relative rate 
of synthesis of the INH analogue by pig brain and beef spleen 
enzymes; it is quite apparent that the synthesis occurs at a very 
slow rate with the beef system (approximately 1 per cent of the 
rate of the pig brain reaction). The levels of the two enzymes 
used in the experiment in Fig. 1 were equal with respect to cleav- 
age of DPN. INH almost completely inhibits the hydrolysis of 
DPN by the beef enzyme but has no effect on the rate of disap- 
pearance by the pig brain system. 

Marsilid reacts like INH with the pig brain and beef spleen 
DPNases. The slow synthesis of the Marsilid analogue by the 
beef spleen enzyme as compared to the pig catalyst is demon- 
strated in Fig. 24. The marked inhibition of the beef enzyme 
by Marsilid is shown in Fig. 2B. 

Effect of 3-Acetyl Pyridine—Both the pig brain and beef spleen 
enzymes will catalyze the exchange reaction between DPN and 
acetyl pyridine to form the acetyl pyridine analogue of DPN 
(3). In contrast to INH and Marsilid, 3-acetyl pyridine has no 
effect on the rate of hydrolysis of DPN by beef spleen enzyme 
(see Fig. 3B). On the other hand, DPN disappears at a con- 
siderably faster rate with the pig brain enzyme in the presence 
of acetyl pyridine. The formation of the acetyl pyridine ana- 
logue, hence, is somewhat faster with the pig enzyme. It is of 
interest to note that the concentration of the acetyl pyridine 
analogue reaches a maximum with the pig brain enzyme and then 
rapidly falls off. This decrease, as will be discussed in a subse- 
quent paper, is caused by the fact that acetyl pyridine is a poor 
inhibitor of the cleavage of the acetyl pyridine analogue of DPN. 

Effect of Pyridine—A comparison of the action of pyridine on 
the pig brain and beef spleen systems is given in Fig. 4. It is of 
considerable interest that, although unsubstituted pyridine 
strongly inhibits the beef spleen reaction, it will accelerate the 
rate of DPN cleavage in the presence of a pig brain catalyst. 
The pyridine analogue of DPN is readily synthesized with the 
pig brain enzyme. Adams and Quastel (7) have recently re- 


ported an inhibition by pyridine of the DPNase from guinea pig | 


brain. 
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mixture contained 5.8 uymoles of DPN, 0.1 mM INH, 0.05 m potassium 
phosphate, pH 7.5, 16 units each of pig brain and beef spleen, and 
DPNase to a final volume of 1.2 cc. with incubation at 37°. Ali- 
quots of 0.06 cc. were added to 3 cc. of 0.1 m NaOH and readings 
taken at 385 mu to determine INH analogue formation. 


25 
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05h 
0 2 4 6 O 2 4 6 8 


TIME IN HOURS 

Fig. 2. Comparison of the effect of pig brain and beef spleen 
DPNases. Reaction mixtures contained 2.2 umoles of DPN, 0.02 
M Marsilid, 0.05 mM potassium phosphate buffer, pH 7.5, 6 units 
each of pig brain and beef spleen DPNase, and H,2O to a final vol- 
ume of 0.6 cc. with incubation at 37°. Aliguots of 0.06 cc. were 
removed for alcohol dehydrogenase assay and 0.06 cc. for addition 
to 0.1m NaOH to determine the formation of the Marsilid analogue 
of DPN. Curve 1, represents beef spleen + Marsilid + DPN; 
Curve 2, pig brain + Marsilid + DPN; Curve 3, pig brain + 
DPN; and Curve 4, beef spleen + DPN. 


Effect of Pyridine Substitutions in 2, 3, and 4 Positions on 
DPNases.—Table I summarizes data showing the effect of sub- 
stitution in the pyridine ring on the activity of the pig brain and 
beef spleen DPNases. The representative compounds given in 
the table indicate that 4-substituted pyridine compounds are 
much stronger inhibitors of the beef spleen DPNase than either 
the 2- or 3-derivatives. 3-Hydroxypyridine, however, is a potent 
inhibitor of the beef system. The 3-derivatives in general are 


somewhat inhibitory (see also Table II), whereas the 2-com- 
pounds have little or no effect on the activity of the beef DPNase. 

None of the pyridine compounds with the exception of 4-amino- 
pyridine is a significant inhibitor of the pig brain enzyme. In 
fact, the 3- and 4-derivatives accelerate the rate of DPN disappear- 
ance; this is especially true of the 3-substituted compounds. 
The 2-compounds, as is the case with the beef spleen enzyme, 
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Fig. 3. Comparison of the effect of pig brain and beef spleen 
Conditions of the reaction are identical to those in Fig. 
2 with the exception of the addition of 0.1 mM 3-acetyl pyridine. 
Curve 1, represents beef spleen + 3-acetyl pyridine + DPN; 
Curve 2, pig brain + 3-acetyl pyridine + DPN; Curve 3, pig brain 
+ DPN; and Curve 4, beef spleen + DPN. 
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Fig. 4. Comparison of the effect of pyridine on pig brain and 
beef spleen DPNases. The reaction is carried out in the same 
manner as described in Fig. 2 with the exception of the addition 
of 0.02 m pyridine. 


have little effect on the reaction rate of the pig brain DPNase. 
Nicotinic acid also has no effect on the cleavage of DPN by either 
the pig or beef systems. Coenzyme analogue formation has 
been observed in all cases where the pyridine bases increase the 
rate of DPN disappearance. 

Although the 3- and 4-methylpvridines are both potent inhibi- 
tors of the beef spleen enzyme, the dimethy! derivatives are much 
less inhibitory (see Table II]). The 2,4,6-trimethylpyridine is 
also considerably less active as an inhibitor than is the 4-methy] 
compound. 2-Amino-3-methylpyridine inhibits the hydrolysis 
of DPN only 40 per cent, whereas the 3-methylpvridine inhibits 
the reaction 76 per cent. Thus it appears that the monosubsti- 
tuted pyridine compounds are more effective inhibitors of the 
beef catalyst than either the di- or trisubstituted pyridine com- 
pounds. 

The enhancing action on DPN breakdown of the pyridine 
compounds in the pig brain system is dependent on the concen- 
tration of the compound. This is illustrated in Fig. 5 with the 
use of the nicotinhydroxamic acid as an example. The figure 
shows that a 3-fold acceleration of the rate of DPN breakdown 
ean be obtained with the pig brain enzyme and that concentra- 
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TaBLeE I 
Effect of pyridine derivatives on beef spleen and 
pig brain DPNases 

The concentration of pyridine bases in all cases was 0.02 Mo. 
The control rate represents that rate of DPN hydrolysis in the 
absence of added pyridine compound. DPN disappearance was 
followed with yeast alcohol dehydrogenase. 

Reaction mixtures were similar to those indicated in Fig. 2; 
the samples were taken at a time interval at which approximately 
30 per cent of the DPN in the control sample was hydrolyzed. 
This period represents an interval during which the reaction is 
close to zero order kinetics. The control samples contained no 
pyridine bases. 


Relative rate as percentage of control 


Beef spleen DPNase_ Pig brain DPNase 


Substituent Position Position 
86 36) 7/115| 144; 10 
96 77) 12/118 209° 141 
85 67 19 107 198 | 169 
96 32 10/105 191 | 128 
116 91 22 | 104-182 | 137 
NH-NH;2 | 
109 110; * | 94! 121! * 


* Compounds were not available. 


tions as low as 1 X 10-° m of the nicotinhyvdroxamie acid will 
stimulate the DPN cleavage. 

Effect of Pyridine Compounds on Nicotinamide Inhibition of 
Pig Brain DPNase—The inhibitory action of nicotinamide on 
the pig brain enzyme can be relieved as expected by compounds 
which stimulate the rate of DPN hydrolysis. This is shown in 
Table IV. Compounds such as pyridine and nicotinyl mono- 
ethvlamide, which enhance DPN disappearance when added with 
nicotinamide, will overcome the inhibitory effect of the free vita- 
min. On the other hand, nicotiny! diethylamide and nicotinic 
acid which have no effect on the rate of DPN cleavage, are also 
without influence on the inhibitory action of nicotinamide (see 
Table IV, Experiment I). It is of interest that the 3- and 4- 
methylpyridines will overcome the nicotinamide inhibition, 
whereas the 2-compound has no effect. This is also true with 
the 3- and 4-substituted hvdroxamie acids. They will antag- 
onize the nicotinamide, whereas the 2-derivative is ineffective in 
overcoming the inhibition. The results in Table IV show a 
close correlation between the accelerating properties of com- 
pounds on DPN disappearance and their properties in overcom- 
ing the inhibiting action of nicotinamide on the DPNase. 

Table V shows the competition between the nicotinhydroxamic 
acid and nicotinamide as measured by the rate of cleavage of 
DPN; this illustrates the competition among nicotinamide and 
other pyridine compounds as acceptors in the transglycosidase 
reaction. The experiments show the competition of nicotina- 
mide with nicotinhydroxamic and 3-methylpyridine. Nicotin- 
hydroxamic acid appears to be a much more effective competitor 
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TaBLeE II 


Comparison of effect of 3-substituted compounds 
on beef spleen and pig brain DPNases 
The concentration of pyridine bases in all cases was 0.02 m. 
The reaction mixture was similar to that indicated in Fig. 2; 
procedure as in Table I. 


Relative rate as percentage of control 


Substituent in position 3 of pyridine 


Beef spleen Pig brain 
O | 
4 | 
| 101 98 
| 
—C 93 135 
| 
O—C2H; | 
O | 
| | 
—C—CH; 111 175 
—CHOH—CH; 56 182 
52 212 
—Br 30 145 
— 29 160 
} 
N53 
O 
| 
—C—C,H; | 61 180 


TaBLeE III 
Effect of various methylpyridines on cleavage of DPN 
by beef spleen DPNase 
Concentrations of all compounds were 0.025 m. Reaction 
nrixtures were similar to those indicated in Fig. 2; procedure as 
in Table [. 


Pyridine compound Rate as percentage of control 


| 68 
2,3-Dimethyl......... 76 


52 
68 
2-Amino-3-methyl............... 60 


than is the methylpyridine (Compare Experiments I and I)). 
At 0.3 m nicotinamide, no effect on the inhibiton is observed with 
the concentration of the methylpyridine studied. Although both 
the 3-methylpyridine and the nicotinhydroxamic accelerate the 
rate of DPN disappearance (see Table I) the two compounds 
Nicotinhy- 


vary in their capacity to antagonize nicotinamide. 
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MOLARITY x 107° 
NICOTINHYDROXAMIC ACID 
kic. 5. Effect of nicotinhydroxamic acid on disappearance of 
DPN by pig brain DPNase. The reaction mixture contained 2.5 
pmoles of DPN, 0.1 mM potassium phosphate, pH 7.5, varied con- 
centrations of nicotinhydroxamic acid as indicated, and 2 units of 
pig brain DPNase, and H.0 to a final volume of 0.6 cc. with incu- 
bation at 37° for 10 minutes. 0.06-cc. aliquots were removed for 
alcohol dehydrogenase assay. 


droxamic acid seems to have a greater affinity for the adenosine 
diphosphate ribose-enzyme complex than does nicotinamide, 
since at equal concentrations little or no inhibition is observed 
with nicotinamide. It should be pointed out that the corre- 
sponding analogue can be demonstrated in experiments where 
nicotinamide inhibition is overcome by the pyridine compound 
(i.e. formation of the nicotinhydroxamic acid analogue of DPN). 


DISCUSSION 


The results summarized in this paper clearly illustrate the dif- 
ference in response of the pig brain and beef spleen DPNases to 
pyridine bases. Although the beef spleen enzyme is strongly 
inhibited by a number of bases, the enzyme still has the capacity 
to promote the exchange reaction which results in the formation 
of coenzyme analogues of DPN. Because of the inhibition, the 
rate of formation of the dinucleotide analogue may be quite 
slow. The inhibition by the pyridine bases of DPN hydrolysis 
may be caused by analogue formation, since INH and other ana- 
logues of DPN have been found to be inhibitors of DPN cleav- 
age. It should be pointed out, however, that in the experiments 
on the beef spleen enzyme where strong inhibition of DPN cleav- 
age is obtained with pyridine bases, the amount of coenzyme 
analogue formed is quite low and undetectable, at least at the 
beginning of the reaction. INH and pyridine analogues of DPN 
will inhibit DPN hydrolysis by the beef spleen system, but the 
concentrations (10-3 to 10-4 M) of the analogues required to pro- 
dace significant inhibition are much greater than those achieved 
during the base exchange reaction. It is possible that the DPN 
analogue when formed during the base exchange reaction is 
tightly bound to the enzyme and thereby interferes with the re- 
action of DPN to the protein. Consideration, however, should 
be given to the possibility that the free bases themselves inhibit 
the reaction by interacting with an active site of the enzyme. 
Extensive purification of the DPNases may prove to be of con- 
siderable value in clucidating the mechanism of the inhibition. 
A comparison of the influence of the 2-, 3- and 4-substituted 
pyridine derivatives on the two types of DPNases is of interest. 
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TABLE IV 
Effect of pyridine compounds on antagonizing tnhibition 
of nicotinamide on pig brain DPNase 

Reaction mixtures contained 2.2 uymoles of DPN, 0.1 m potas- 
sium phosphate (pH 7.5), and 1 unit of pig brain enzyme in a 
final volume of 0.6 cc. at 37°. Time of incubation for the above 
values was 80 minutes, at which time approximately 35 per cent 
of the DPN was cleaved in a control sample (no nicotinamide 
or nicotinhydroxamic acid). Suitable aliquots were taken for 
aleohol dehydrogenase assays. 


Nicotinamide Pyridine compound Rate 
0.005 M 0.1 M % 
Experiment I 
Nicotinyl monoethyl amide 119 
Nicotinyl diethyl amide 44 
Nicotinic acid 40 
0.01 M 
Experiment II 
Nicotinhydroxamic acid 102 
TABLE V 


Competitive action of pyridine compounds on nicotinamide 
inhibition of DPN disappearance 
The reaction mixtures contained 2.2 ymoles of DPN, 0.06 cece. 
of 1 M potassium phosphate (pH 7.5), nicotinamide and pyridine 
compounds as indicated above, and | unit of pig brain enzymeina 
final volume of 0.6 cc. After incubation at 37° for 80 minutes, 
0.06-cc. samples were removed for aleohol dehydrogenase assay. 
Appropriate controls indicated that about 35 per cent of the DPN 
had been hydrolyzed; the controls contained no pyridine bases. 


Nicotinamide inhibition 
Nicotinhydroxamic acid 
0.1 0.3 M 
% % 
Experiment I 
3-Methylpyridine | 0.03 | 0.1 
Experiment II | 
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The 4-substituted derivatives as a group are strong inhibitors of 
DPN hydrolysis by the beef spleen enzyme; the 3-derivatives in- 
hibit the cleavage less strongly, whereas the 2-substituted com- 
pounds have essentially no effect. In the case of the pig brain 
enzyme the 3-compounds as a group are stimulators of DPN 
hydrolysis. The 4-derivatives have some effect whereas the 
2-compounds are, again, without significant activity. It is not 
clear why the 2-substituted compounds do not influence the rate 
of hydrolysis of DPN by either of the DPNases. It is possible 
that orthosubstituted derivatives do not undergo the exchange 
reaction and therefore do not form analogues of DPN. Johnson 
and MeColl (8), however, have been able to demonstrate the 
6-aminonicotinamide analogue of DPN by use of the pig brain 
enzyme. We have confirmed this and have been able also to 
isolate this analogue of DPN. We are at present trying to eval- 
uate the effect of stearic hindrance in the ortho position on ana- 
logue formation. 

In the ease of the pig brain enzymes, an increase in the rate of 
DPN disappearance in the presence of the pyridine derivatives 
is associated with an increased rate of analogue formation (see 
Fig. 3). Compounds such as nicotinhydroxamic acid, nicotinic 
acid hydrazide, and pyridine-3-aldehyde are all converted to the 
coenzyme form at a faster rate than pyridine bases which have 
no effect on the course of DPN disappearance (9). Considera- 
tion of this observation suggests that the transferring or exchange 
activity of the DPNase may occur at a faster rate than the hydro- 
lytic reaction. In other words, the adenosine diphosphate ribose- 
enzyme complex previously postulated (4) may undergo a reac- 
tion with a pyridine base faster than with water. Hence, this 
would indicate a greater affinity of the complex for these pyri- 
dine bases than for water. It seems likely that the animal tissue 
DPNases are primary transglycosidases rather than hydrolytic 
enzymes. 

The animal tissue DPNases seem to be quite unspecifie with 
respect to the bases which can undergo an exchange with the 
nicotinamide moiety of DPN. These enzymes not only will 
promote an exchange reaction with large numbers of pyridine 
compounds, but also will promote the formation of analogues of 
DPN containing imidazole (10) and thiadiazole (11) derivatives.? 

Although we originally thought that nicotinic acid was not 
incorporated into an analogue of DPN, Serlupi-Crescenzi and 
Ballio (12) have recently been able to obtain the analogue by 
the exchange reaction with the beef spleen enzyme. We have 
repeated our experiments and have been able to confirm their 


Vol. 234, No. 1 


observation. The nicotinic acid analogue is formed both with 
the pig brain and beef spleen enzymes when 0.1 M nicotinic acid 
isused. However, the amount of exchange is quite low (approxi- 
mately 15 per cent), and this low level of exchange is probably 
the reason for our not detecting the analogue in our early experi- 
ments. Nicotinic acid appears to have very little activity in the 
transglycosidase reaction when compared to compounds such as 
INH, 3-acetyl pyridine, and nicotinhydroxamic acid, and hence 
would be expected to have little or no activity in overcoming the 
inhibition of nicotinamide on the pig brain DPNase (see Table 
IV). Nicotinic acid, because of its low exchange activity, does 
not protect against the toxicity of acetyl pyridine in the mouse 
under conditions in which nicotinamide exerts full protection 
(13). 


SUMMARY 


1. Although isonicotinic acid hydrazide inhibits the breakdown 
of diphosphopyridine nucleotide (DPN) by beef spleen DPNase, 
the isonicotinic acid hydrazide analogue of DPN is still formed. 
The rate of formation of the analogue by the beef spleen enzyme 
is approximately 1 per cent of the rate of the pig brain DPNase. 
Other 4-substituted derivatives will also inhibit the beef spleen 
system but will form analogues of DPN at aslow rate. 4-Substi- 
tuted pyridine derivatives as a group are strong inhibitors of the 
beef spleen enzyme. The 3-derivatives also have some inhibitory 
effect. The 2-compounds have little or no inhibitory action. 

2. Pyridine compounds as a group do not inhibit the rate of 
hydrolysis of DPN by the pig brain DPNase. 3-Substituted 
compounds have been found to accelerate the rate of disappear- 
ance of DPN by this enzyme. The 2- and 4-substituted pyri- 
dine compounds have much less effect on the rate of hydrolysis 
of DPN. The degree of acceleration with the pig brain DPNase 
depends on the concentration of pyridine compounds. 

3. Both the 3- and 4-substituted methylpyridines are inhib- 
itors of the beef spleen DPNase; the dimethyl- and trimethyl- 
pyridine derivatives, however, are much less inhibitory. 

4. Pyridine compounds which stimulate the rate of DPN 
breakdown by the pig brain DPNase will overcome the in- 
hibition of the DPNase by nicotinamide. This relief from 
nicotinamide inhibition is caused by competition with nicotina- 
mide in the exchange reaction. 

5. Although the beef spleen and pig brain DPNases differ in 
a number of properties, the general mechanism of action of the 
two enzymes appears to be similar. | 
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Toluene derivatives such as p-nitrotoluene (2), o-nitrotoluene 
(3), o-, m-, and p-acetotoluidides (4), N-m-tolylurea (5), 0-, m-, 
and p-xylenes (6), and p-cresol (7) are metabolized by mammals 
to carboxylic acids. It has been suggested that these substituted 
toluenes are oxidized to the corresponding benzyl] alcohol deriva- 
tives which are oxidized to the aldehydes and then to the acids. 
However, little information is available on the properties of the 
enzymes that catalyze these biological transformations. 

This paper describes an enzyme system in rabbit liver that 
catalyzes the oxidation of p-nitrotoluene to PNBA.! It will be 
shown that p-nitrotoluene is oxidized to p-nitrobenzyl alcohol 
by a TPNH-dependent system in the liver microsomes. The 
p-nitrobenzyl alcohol is then oxidized to PNBA by DPN- 
dependent enzyme systems localized in the soluble fraction of 


liver. 


EXPERIMENTAL 


Materials—TPN and DPN of approximately 100 per cent 
purity were obtained from Pabst Laboratories. Glucose-6- 
phosphate and glucose-6-phosphate dehydrogenase were obtained 
from the Sigma Chemical Company. Glucose dehydrogenase 
was prepared by the method of Strecker and Korkes (8). Liver 
alcohol dehydrogenase was purchased from Worthington Bio- 
chemical Corporation. All substrates were obtained from the 
Eastman Kodak Company, Organic Chemicals Department. 

Preparation and Fractionation of Tissue Homogenates —Prepara- 
tion of the liver fractions was carried out at 0 to 3°. Male 
albino rabbits were killed by a blow on the head. The livers 
were exposed, perfused with 1.15 per cent KCI to remove blood, 
and then removed and homogenized for 1 minute in a Waring 
Blendor with 3 volumes of 1.15 per cent KCl. The homog- 
enate was strained through cheese cloth and centrifuged at 
600 x g for 10 minutes to remove whole cells, nuclei and cellular 
debris; the supernatant phase was centrifuged at 9000 x g 
for 20 minutes to remove mitochondria. The 9000 x g superna- 
tant fraction containing microsomes and the soluble fraction 
was centrifuged at 78,000 x g for 1 hour in a Spinco model L 
ultracentrifuge. The soluble fraction was dialyzed against 
distilled water for 20 hours. The microsomal pellet was washed 
with the KCI solution, recentrifuged, and then suspended in the 
KCI solution in a volume equivalent to that of the original liver. 

Homogenates of the other rabbit tissues used in this study were 


* A preliminary report has been published (1). 
1 The abbreviations used are: PNBA, p-nitrobenzoic acid; and 
PABA, p-aminobenzoic acid. 


prepared in the same manner, but they were not perfused before 
homogenation. 

The soluble fraction of a 25 per cent rabbit kidney homogenate 
was used as a source of impure aldehyde dehydrogenase. Prep- 
arations of this kidney fraction were assayed for alcohol and 
aldehyde dehydrogenase activities at pH 7.4 by spec rophoto- 
metrie methods similar to those of Theorell and Bonnichsen (9) 
and Racker (10). The rate of the increase in absorbancy at 
340 my was about 1.000 min.—! ml.-! of enzyme using acetalde- 
hyde as a substrate but was less than 0.035 min.-! ml.— of 
enzyme preparation using ethanol as a substrate. Weissbach 
et al. (11) have used the soluble fraction of guinea pig kidney in 
an assay for a number of aldehydes. 

Enzymatic Assay—The various tissue preparations were mixed 
with various amounts of p-nitrotoluene, p-nitrobenzy] alcohol 
or p-nitrobenzaldehyde, and cofactors as indicated in each of 
the tables. The volumes were adjusted to 5 ml. with water and 
the mixtures were incubated in a Dubnoff metabolic shaker for 
1 hour at 37° in an atmosphere of oxygen. PNBA was stable in 
these incubation mixtures since liver nitro reductase is completely 
inhibited in the presence of oxygen (12). The reactions were 
stopped by the addition of 1 ml. of 8.0 N HCl to a 3 ml. aliquot 
of the incubation mixture which was then analyzed for p-nitro- 
toluene and p-nitrobenzyl alcohol or PNBA. 

Analytical. Methods—The p-nitrotoluene in the acidified 
incubation mixture was extracted into sulfuric acid washed 
heptane.2. The heptane extract was shaken with 0.5 n NaOH 
to remove blank material and the absorbancy of the heptane 
layer was determined at 273 mu. The Ejc;,“™ of p-nitrotoluene 
is 690. Nitrobenzyl alcohol, p-nitrobenzaldehyde, and PNBA 
do not interfere since these compounds are not extracted into 
heptane. 

p-Nitrobenzyl alcohol was assayed by the following method. 
The acidified incubation mixture was extracted with heptane 
to remove the p-nitrotoluene. After the heptane and the 
protein precipitate were removed by aspiration, a 2 ml. aliquot 
of the aqueous phase was added to 2 ml. of concentrated HCl 
and the p-nitrobenzyl aleohol was reduced to p-aminobenzyl 
alcohol with 0.5 ml. of SnCl. reagent as described by Kuttner 
and Cohen (14). The mixture was made alkaline with 4.0 n 
NaQH and the p-aminobenzy! alcohol was extracted into benzene 
containing 1.5 per cent isoamyl aleohol. Under these condi- 
tions p-aminobenzoic acid was not extracted. An aliquot of 


2? Heptane was purified by a method used by S. M. Hess, P. A. 
Shore, and B. B. Brodie (13). 
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TABLE 


Intracellular distribution of enzymatic activity for oxidation of 
p-nitrotoluene to PNBA by rabbit liver 

Conditions: Incubation flasks contained 50 wmoles of nico- 
tinamide, 75 umoles of MgCle, 60 umoles of glucose-6-phosphate, 
0.25 umole of TPN, 0.25 umole of DPN, tissue fraction equiva- 
lent to 0.5 gm. of liver, 5.84 umoles of p-nitrotoluene in 0.2 ml. of 
acetone, and 1 ml. of 0.2 m phosphate buffer, pH 7.4. The total 
volume was 5.0 ml. and was incubated for 1 hour at 37° under 
oxygen. 


Intracellular fraction PNBA formed 


pumoles 
600 X g supernatant fraction.............. | 1.32 
9000 X g supernatant fraction............. 1.73 
Microsomes + soluble fraction............ 1.53 


TABLE II 


Requirements for oxidation of p-nitrotoluene to PNBA 
by 9000 X g supernatant fraction of rabbit liver 


Conditions: Incubation flasks contained 50 umoles of nicotin- 
amide, 75 wymoles of MgCle, dialyzed 9000 XK g supernatant frac- 
tion equivalent to 1 gm. of liver, 2.92 umoles of p-nitrotoluene in 
0.1 ml. of acetone, cofactors as indicated, and 1.0 ml. of 0.2 m 
phosphate buffer, pH 7.4. The total volume was 5.0 ml. and 
was incubated 1 hour at 37° under oxygen. 0.25 umole of DPN 
or TPN, 200 umoles of glucose, and 300 units of glucose dehydro- 
genase were added as indicated. 


Additions PNBA formed 

pumoles 

Glucose + glucose dehydrogenase.......... 0.02 

DPN + glucose + glucose dehydrogenase. . 0.28 

TPN + glucose + glucose dehydrogenase. . 0.21 
TPN + DPN + glucose + glucose dehy- 


TAaBLeE III 


Requirement for molecular oxygen in oxidation 
of p-nitrotoluene to PNBA 


Conditions: Incubation flasks contained 50 umoles of nicotina- 
mide, 75 wmoles of MgCl», dialyzed 9000 X g supernatant fraction 
equivalent to 1 gm. of liver, 10 wmoles of glucose to phosphate, 
0.25 umole of TPN, 0.6 wumole of DPN, 1.0 ml. of 0.2 m phos- 
phate buffer, pH 7.4, 2.92 uwmoles of p-nitrotoluene in 0.1 ml. of 
acetone or 2.62 uwmoles of p-nitrobenzyl alcohol. The _ total 
volume was 5.0 ml. Aerobic reaction mixtures under oxygen 
and anaerobic reaction mixtures in evacuated Thunberg tubes 
were incubated 1 hour at 37°. 


Substrate | Conditions 

pmoles pmoles 

p-Nitrotoluene............ Aerobic 1.23 0.00 
p-Nitrotoluene............ Anaerobic . 0.00 0.00 
p-Nitrobenzyl Alcohol..... Aerobic 2.09 0.00 
p-Nitrobenzyl Alcohol... .. Anaerobic 0.53 0.33 
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the benzene phase was shaken with 6 ml. of 0.1 N HCl. The 
p-aminobenzyl alcohol in 5.0 ml. of the aqueous phase was 
diazotized and coupled with N-1-naphthylethylenediamine by 
the method of Bratton and Marshall (15) and the absorbancy 
of the dye was measured at 540 mu. p-Nitrobenzaldehyde is 
also measured with this method, but paper chromatograms 
indicated that little if any of the aldehyde accumulated under 
the incubation conditions described in this paper. 

The PNBA in the acidified incubation mixture was extracted 
into peroxide-free ether. An aliquot of the ether extract was 
extracted with 5 ml. of 0.6 nN NaOH. Under these conditions 
p-nitrotoluene and p-nitrobenzyl aleohol remained in the ether 
phase. A 2 ml. aliquot of the alkaline extract was added to 
2 ml. of concentrated HCl, and the PNBA was reduced to 
PABA with 0.5 ml. SnCl. reagent (14). The PABA was di- 
azotized and coupled with N-1l-naphthyvlethylenediamine as 
used by Bratton and Marshall (15) and the absorbancy of the 
dye was measured at 540 my. In the experiment in which 
both PNBA and PABA were assayed, the reaction mixtures 
were adjusted to pH 3.2 with a 0.5 citric acid solution instead 
of acidification with 8.0 n HCl. Under these conditions both 
compounds were extracted into ether and returned to the 0.5 
n NaOH solution. PABA was assayed by acidifying an aliquot 
of the alkaline extract with 0.5 n HCl and then by diazotization 
and coupling as described by Bratton and Marshall (15). PNBA 
was assayed by the difference between the amount of PABA 
and total diazotizable amines found in another aliquot of the 
alkaline extract after reduction with SnCl.. Known amounts of 
p-nitrotoluene, p-nitrobenzyl alcohol, PNBA or PABA were 
carried through each of the methods and served as standards. 

Identification of PNBA—PNBA was identified by a partition 
ratio method similar to that described by Brodie eé al. (16). 
The PNBA formed in the incubation mixture was extracted 
into ether. Aliquots of the ether extract were extracted with 
buffers of various pH and the buffers were assayed for PNBA 
as described above. The partition ratios of the apparent 
PNBA were the same as those of authentic PNBA which had 
been treated in the same manner. 

Chromatographic Method for Identification of p-Nitrobenzyl 
Alcohol and p-Nitrobenzaldehyde—The incubation mixture was 
acidified with HCl and extracted with heptane to remove the 
p-nitrotoluene. After the heptane layer was removed by aspira- 
tion, the p-nitrobenzyl alcohol in the aqueous phase was ex- 
tracted into ether. The ether extract was shaken with 0.5 N 
NaOH to remove PNBA and was evaporated to a small volume. 
The ether extract was placed on Whatman No. 1 filter paper 
which had been sprayed previously with 10 per cent NaHS0O; 
The chromatogram was developed with an 
ascending solvent consisting of heptane, isoamy! alcohol satu- 
rated with water, and absolute ethanol (197:3:86). p-Nitro- 
benzyl alcohol and p-nitrobenzaldehyde were reduced with 
SnCl. and coupled with dimethylaminobenzaldehyde by the 
method used by Smith and Worrel (17). The Re of both au- 
thentic and apparent p-nitrobenzyl alcohol was 0.48, whereas 
that of authentic p-nitrobenzaldehyde was 0.00. 


RESULTS 


Tissue Distribution of Enzymatic <Activity—p-Nitrotoluene 


4 


(400 yg.) was incubated as described in “Experimental” with | 


homogenates equivalent to 0.60 gm. of tissue supplemented 


with 50 umoles of nicotinamide, 75 wmoles MgCl, 30 umoles 


t 
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glucose-6-phosphate, 0.25 umole TPN, and 0.25 umole DPN. 
About 180 ug. of p-nitrotoluene were metabolized with the 
liver homogenate. There was no detected disappearance of 
p-nitrotoluene with homogenates of kidney, brain, lung, heart, 
or skeletal muscle. 

Intracellular Localization of Enzyme Activity—The undialyzed 
whole homogenate and the 600 x g or 9000 X g supernatant 
fractions of rabbit liver catalyzed the oxidation of p-nitrotoluene 
to PNBA (Table I). Neither the soluble nor the microsomal 
fractions were able to catalyze this reaction, but the combina- 
tion of these two fractions catalyzed the formation of PNBA. 
These data indicate that the biological transformation of p-nitro- 
toluene to PNBA requires both the microsomal and _ soluble 
fractions of rabbit liver. 

Since the accumulation of PNBA was significantly greater 
with the 9000 x g supernatant fraction than with the whole 
homogenate, it may be concluded that the nuclei and mito- 
chondria contain inhibitory factors. However, the identity of 
such factors is not known. 

Requirements for Oxidation of p-Nitrotoluene to p-Nitrobenzyl 
Alcohol—When the 9000 X g supernatant fraction was dialyzed 
overnight against distilled water, it no longer converted p-nitro- 
toluene to PNBA. However, the activity could be restored 
by the addition of nicotinamide, DPN, TPN, glucose, and 
glucose dehydrogenase (Table II). No PNBA or PABA was 
formed under anaerobic conditions (Table III). Since the 
requirement for O. and a TPNH-generating system such as 
glucose and glucose dehydrogenase is reminiscent of the require- 
ments of a number of TPNH-dependent microsomal systems 
(18), a more complete study of the oxidation of p-nitrotoluene 
was undertaken using rabbit liver microsomes. 

As is shown in Table IV, p-nitrotoluene was metabolized by 
microsomes which had been supplemented with TPN and a 
TPNH-generating system (glucose and glucose dehydrogenase). 
Significantly smaller amounts were metabolized when the 
microsomes were supplemented with TPN alone, DPN alone, 
or DPN with a DPNH-generating system. The dialyzed 
soluble fraction was inactive under these conditions. Thus 
p-nitrotoluene is metabolized by a TPNH-dependent enzyme 
system localized in the microsomal fraction of liver. 

PNBA was not formed with the microsomal system even 
ander conditions in which considerable amounts of p-nitro- 
toluene were metabolized. Therefore, it seemed probable that 
the product of the microsomal system was an intermediate 
which was converted by the soluble fraction to PNBA. This 
metabolic product was detected and identified as p-nitrobenzyl 
aleohol by paper chromatography as outlined in “Experimental.” 
Furthermore, when the microsomal system was incubated with 
p-nitrotoluene there was a close correlation between the dis- 
appearance of p-nitrotoluene and the formation of p-nitrobenzy| 
aleohol (Table IV). From these data it is concluded that 
p-nitrotoluene metabolized by the TPNH-dependent micro- 
somal system of rabbit liver is converted to p-nitrobenzyl] alcohol. 

Intracellular Localization and Requirements of Enzyme System 
that Metabolizes p-Nitrobenzyl Alcohol—A study was made of 
the enzyme system that metabolizes p-nitrobenzyl alcohol. 
Undialyzed liver homogenates, 9,000 x g or 78,000 x g super- 
natant fractions catalyzed the oxidation of p-nitrobenzy] alcohol 
to PNBA (Table V), indicating that the enzyme system is 
localized in the soluble fraction of liver. 

Activity was lost when the soluble fraction was dialyzed over 
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TABLE IV 


Enzymatic oxidation of p-nitrotoluene to p-nitrobenzyl 
alcohol by rabbit liver microsomes 


Conditions: Incubation flasks contained 50 umoles of nicotin- 
amide, 75 umoles of MgCl2, microsomes equivalent to 1 gm. of 
liver, 1 ml. of 0.2 m phosphate buffer, pH 7.4, and 1.46 umoles of 
p-nitrotoluene in 0.2 ml. of acetone. The total volume was 5.0 
ml. and was incubated for 1 hour, at 37°, under oxygen. 0.25 
umole of DPN or TPN, 400 umoles of glucose, and 300 units of 
glucose dehydrogenase were added as indicated. 


| 
| p-Nitrotol- 


p-Nitroben- 
Additions uene zy! alcohol 
_ metabolized formed 
pmoles umoles 
TPN + glucose + glucose dehydrogenase..| 0.50 0.50 
DPN + glucose + glucose dehydrogenase. | 0.17 0.14 
TPN + DPN + glucose + glucose dehy-— | 


TABLE V 
Intracellular localization of enzymatic activity for conversion of 
p-nitrobenzyl alcohol and p-nitrobenzaldehyde to 
PNBA by rabbit liver 
Conditions: Ineubated flasks contained 5.3 umoles of sub- 
strate in 0.2 ml. of acetone. Other additions were as in Table I. 
Incubations were for 30 minutes at 37° under oxygen. 


p-Nitroben- | p-Nitrobenz- 
1 alcohol aldehyde 
PNBA formed! PNBA formed 


Intracellular fraction 


umoles pmoles 
Whole homogenate........................ 2.37 2.23 
9000 X g supernatant fraction............. 3.01 3.67 
78,000 X g supernatant fraction........... 3.37 3.89 


TaBLe VI 


Enzymatic formation of PNBA from p-nitrobenzyl alcohol and 
p-nitrobenzaldehyde by soluble fraction of rabbit liver 


Conditions: Incubation flasks contained 100 umoles of nicotin- 
amide, 150 umoles of MgCl., soluble fraction equivalent to 0.25 
gm. of liver, 5.30 wmoles of substrate in 0.2 ml. of acetone, and 1 
ml. of 0.2 Mm phosphate buffer, pH 7.4. The total volume was 5.0 
ml. and was incubated for 1 hour at 37° under oxygen. 0.25 umole 
of TPN or DPN, 400 umoles of glucose, and 300 units of glucose 
dehydrogenase were added as indicated. 


p-Nitroben- | p-Nitrobenz- 
Additions zyl alcohol aldehyde 
PNBA formed PNBA formed 
pmoles pmoles 
DPN + TPN + glucose + glucose dehy- | 
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TaBLeE VII 


Oxidation of p-nitrobenzyl alcohol and p-nitrobenzaldehyde to 
PNBA by aldehyde dehydrogenase and crystalline liver 
alcohol dehydrogenase 


Conditions: The incubation flasks contained 50 yumoles of 
nicotinamide, 75 umoles of MgCle, 5.3 umoles of substrate in 0.2 
ml]. of acetone and 1 ml. of 0.2 m phosphate buffer, pH 7.4. The 
total volume was 5.0 ml. and was incubated 40 minutes at 37° 
under oxygen. 100 wg. of crystalline alcohol dehydrogenase, 1.0 
ml. of aldehyde dehydrogenase (kidney soluble fraction) equiva- 
lent to 0.25 gm. of kidney and 2.5 uymoles of DPN were added as 
indicated. 


p-Nitroben- | p-Nitrobenz- 
System zyl alcohol aldehyde 
PNBA formed) PNBA formed 
pmoles pmoles 
Liver alcohol dehydrogenase.............. 0.02 0.00 
Liver alcohol dehydrogenase + DPN......; 0.00 0.32 
Aldehyde dehydrogenase.................. 0.08 0.08 
Aldehyde dehydrogenase + DPN......... 0.30 2.55 
Liver alcohol dehydrogenase + aldehyde 
Liver alcohol dehydrogenase + aldehyde 
dehydrogenase + DPN................. 0.83 1.85 


night against distilled water. The addition of DPN to the 
dialyzed soluble fraction restored the activity, but the addition 
of either TPN or DPNH and TPNH generated by glucose 
dehydrogenase resulted in only a partial restoration of activity 
(Table VI). These data suggest that a DPN-dependent en- 
zyme system in the liver soluble fraction catalyzes the oxidation 
of p-nitrobenzyl alcohol to PNBA. Furthermore, appreciable 
amounts of both PABA and PNBA were formed during the 
oxidation of p-nitrobenzyl alcohol even under anaerobic con- 
ditions which indicates that molecular oxygen is not required 
in this reaction (Table III). 

Evidence that both Alcohol Dehydrogenase and Aldehyde De- 
hydrogenase Required in Oxidation of p-Nitrobenzyl Alcohol—The 
liver soluble fraction also catalyzed the oxidation of p-nitro- 
benzaldehyde to PNBA (Table V). This activity was lost 
after dialysis of the liver soluble fraction against distilled water 
overnight, but was restored by the addition of DPN to the 
system (Table VI). | 

Furthermore, p-nitrobenzyl alcohol was oxidized to PNBA by 
an enzyme system consisting of DPN, crystalline liver alcohol 
dehydrogenase, and rabbit kidney soluble fraction which con- 
tained aldehyde dehydrogenase activity (Table VII). Sig- 
nificantly smaller amounts of PNBA were formed from p-nitro- 
benzyl! alcohol when any of these components were omitted. 
These data suggest that the metabolism of p-nitrobenzyl] alcohol 
to PNBA takes place in two steps; the oxidation of p-nitrobenzyl 
alcohol to p-nitrobenzaldehyde by an alcohol dehydrogenase, 
and the oxidation of p-nitrobenzaldehyvde to PNBA by an 
aldehyde dehydrogenase. 
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DISCUSSION 


The experiments described in this paper indicate that p-nitro- 
toluene is oxidized to PNBA along the pathway shown below: 


TPNH + O, 
p-Nitrotoluene > p-Nitrobenzyl alcohol (1) 
Microsomes 
DPN 
p-Nitrobenzyl alcohol : > p-Nitrobenzaldehyde (2) 
Alcohol 
dehydrogenase 
DPN 
p-Nitrobenzaldehyde NBA (3) 
dehydrogenase 


The requirement for TPNH in an oxidative microsomal 
reaction is by no means unique. The reduced form of TPN is 
also required in the side chain oxidation of barbiturates (19, 20), 
hydroxylation of aromatic rings (21), cleavage of ethers (22), 
deamination of amphetamine (23), dealkylation of alkylamines 
(24), and the formation of chlorpromazine sulfoxide from chlor- 
promazine (25). It is also required in the cyclization of squalene 
to lanosterol (26), in the conversion of lanosterol to cholesterol 
(27), and in the hydroxylation of a number of steroids (28). 

Finding that an alcohol is the product of the microsomal 
system has suggested that similar pathways may be utilized 
during the side chain oxidation of other compounds. Cooper 
and Brodie (20) have shown that the 9000 x g supernatant 
fraction of rabbit liver catalyzes the oxidation of thiopental to 
thiopental carboxylic acid. These workers found that the 
metabolism of thiopental utilized a TPNH-dependent enzyme 
in rabbit microsomes. Preliminary data now indicate that 
the soluble fraction is also required for the formation of thio- 
pental carboxylic acid, suggesting that the microsomal system 
can form only the thiopental alcohol, and that the soluble 
fraction catalyzes the oxidation of the alcohol derivative to the 
carboxylic acid derivative. 

It is probable that other types of w-oxidation take place by 
this pathway. The oxidation of compounds such as ethyl 
benzene, propyl benzene, n-butyl benzene, amyl benzene, and a 
number of the terpenes may be catalyzed by enzyme systems 
similar to those reported in this paper. 


SUMMARY 


An enzyme system in rabbit liver homogenates oxidizes 
p-nitrotoluene to p-nitrobenzoic acid. p-Nitrotoluene is first 
oxidized to p-nitrobenzyl alcohol by a reduced triphospho- 
pyridine nucleotide-dependent microsomal enzyme _ system. 
p-Nitrobenzyl alcohol and p-nitrobenzaldehyde are oxidized 
by diphosphopyridine nucleotide-dependent enzymes in the 
soluble fraction. The evidence is consistent with the view that 
p-nitrobenzyl alcohol is oxidized to p-nitrobenzaldehyde by an 
alcohol dehydrogenase and that p-nitrobenzaldehyde is oxidized 
to p-nitrobenzoic acid by an aldehyde dehydrogenase. The 
possible relationship between this pathway and that of other 
types of w-oxidation is discussed. 
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The Effects of Salicylate on the Metabolism of Acetate in the Rat’ 
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Salicylate produces a number of effects on carbohydrate 
metabolism in the rat, e.g. depletion of liver glycogen in the 
normal rat (2), reduction of glycosuria and hyperglycemia in 
the diabetic rat (3), and diminished glycogen synthesis in isolated 
rat liver slices (4). It has been suggested (5) that these changes 
may result, at least in part, from impaired synthesis of carbo- 
hydrate. This paper is concerned with the effect of salicylate 
on the incorporation of C™ into the liver glycogen of rats given 
acetate-2-C4. The respiratory excretion of total CO2 and 
and the incorporation of the isotope into the fatty acids of the 
liver were also measured. 


EXPERIMENTAL 


Materials and Methods—Male rats of the Long-Evans strain, 
weighing 200 to 250 gm., were deprived of food either from the 
beginning of the experiment (nonfasted animals) or for 24 hours 
before the experiment (fasted animals). Lactate was given by 
a stomach tube as 1 ml. of a solution containing 3 mm sodium 
lactate, and salicylate, as a solution of sodium salicylate, was 
administered by intraperitoneal injection in a dose of either 250 
or 500 mg. of salicylate ion per kg. of body weight. The acetate- 
2-C was also administered by intraperitoneal injection in a dose 
of 1 mg. containing about 10 ue. of C*. It has been shown (6) 
that a dose of 2 mg. of sodium acetate does not significantly 
affect the rate of CO. excretion in the rat after administration 
of about 10 ue. of C™ in the form of acetate-2-C™. 

The respiratory excretion of total CO, and CO, was measured 
by the continuous recording equipment described by Tolbert 
etal. (7). Liver glycogen was isolated by the method of Marks 
and Feigelson (8) and purified to constant specific activity by 
the method of Stetten and Boxer (9). The fatty acids from the 
liver were extracted bv the method of Masoro et al. (10). Radio- 
activity measurements were performed in the following manner. 
A suitable dilution of the original acetate injection was plated 
directly as an infinitely thin sample and counted under a thin 
end window Geiger-Muller counter; the liver glycogen samples 
were dissolved in water, plated directly in platinum dishes, 3.5 
em.? in area, and counted in a Nuclear-Chicago D-47 windowless 
flow counter; and the fattv acids were dissolved in toluene 
containing 0.5 per cent weight per volume 2,5-diphenyloxazole 
and counted in an internal standard liquid scintillation counter. 


* The work described in this paper was aided by a postdoctoral 
fellowship grant from the American Cancer Society and sup- 


ported in part by the Atomic Energy Commission. A _ prelim- 
inary report of this work has been presented (1). 
+ American-British Exchange Fellow in Cancer Research. 


Present address, Department of Chemical Pathology, King’s Col- 
lege Hospital Medical Schoo], Denmark Hill, London, S. E. 5., 
England. 


Blood salicylate concentrations were estimated by the method of 
Trinder (11). 

General Arrangement of Experiments—In the first series of 
experiments, fasted rats were divided into two subgroups. 
Each animal in the control subgroup was given lactate, followed 
in 1 hour by the acetate-2-C"", whereas each rat in the salicylate 


subgroup received, in addition, an injection of salicylate 30— 


minutes before the administration of the acetate. The animal 
was Immediately transferred to a metabolism chamber after the 
acetate injection, and the respiratory excretion of total COs. and 
C¥4O. was noted for 1 hour. The rat was then killed with 


Nembutal given by intraperitoneal injection and a blood sample © 


} 


| 


was obtained by cardiac puncture for estimation of the blood 


salicylate concentration. 
glycogen was isolated and purified and its radioactivity was 
determined. Fasted rats were used to ensure the formation of 
new liver glycogen from the acetate introduced. It has been 
emphasized by Weinman et al. (12), however, that the mere 


The liver was excised, and the liver | 


demonstration of the incorporation of isotope into glycogen does 


not necessarily mean that a net synthesis of glycogen from a 


labeled fatty acid has occurred. These workers are of the 
opinion that glycogen synthesis from acetate is made possible — 


only by an additional, i.e. a nonacetate, influx of Krebs’ cycle 
intermediates into the cycle. Lactate, therefore, was adminis- 
tered to the rats in the present work to provide such an influx 
and make possible a net increase in liver glycogen. 

A similar procedure was followed in the second series of ex- 
periments except that nonfasted rats were used, administration 
of lactate was omitted, and fatty acids, instead of glycogen, were 
extracted from the liver. Nonfasted animals were used be-— 
cause it has been shown (10) that a 24-hour period of fasting | 
reduces the lipogenic capacity of rat liver to values less than | 
one-tenth of those obtained for nonfasted animals. 


RESULTS 


The results in Table I show that salicylate, in a dose of 500 
mg. per kg. of body weight, caused marked increases in the 
respiratory excretion of total CO. in both fasted and nonfasted | 
rats over the entire period of the experiment. A significant 
effect of the lower dose of salicylate was observed only in the 
fasted rats during the initial 10- to 20-minute interval. 

The cumulative excretion of C%QO:, expressed as a percentage 
of the dose of C™ given by injection, was also increased by 
salicylate (Table II). In the fasted animals, the effect was not 
apparent with the lower dose of salicylate until the 0 to 60- 
minute period, whereas with the higher salicylate dose, a sig- 
nificant increase was observed in the 0 to 40-minute interval. 
In the nonfasted rats, given 500 mg. of salicylate per kg. of body 
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TABLE | 
Effect of salicylate on respiratory excretion of total CO.* 


No. | Total CO: 
Group of | ) 
rats 10-20 min. min. 40-60 min. 
mg./min. 
Fasted | 
Control......../ 6 | 7.08 + 0.36 7.47 + 0.42 7.42 + 0.57 
Salicylate, 250 | | 
mg./kg...... 4 9.33 + 0.40 8.81 + 0.44 9.00 + 0.31 
p=0.01 p=0.1 p=0.1 
Salicylate 500 | | | 
mg./kg...... 4 13.65 + 1.3015.28 + 1.69 15.19 + 1.43 
p=0.01 p=0.01 p=0.01 
Nonfasted | | 
Control. ..... 6 11.46 + 1.39 10.58 + 1.83 8.71 + 1.55 
Salicylate, 500 | | 
mg./kg...... 6 21.51 + 3.63 22.81 + 3.2922.75 + 4.32 
= 0.01 =p =0.01 p= 0.01 


* Results are given as means and standard deviations. The 
significance of the differences between the means of the control 
and salicylate groups has been analyzed by the Student ¢ test and 
the values of p are included. The minimal acceptable level of 
significance has been taken as p = 0.02. 
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weight, the effect was particularly evident, becoming significant 
during the 0 to 10 minute period. The specific activity of the 
expired CO, (Table III) was not appreciably changed by sali- 
cvlate in the fasted rats but was significantly reduced in the 
nonfasted rats after 30 minutes. 

The data in Table IV show that both doses of salicylate re- 
sulted in a virtual absence of radioactivity in the liver glycogen 
of fasted rats and, consequently, inhibited the incorporation of 
C into the liver glycogen after the injection with acetate-2-C™. 
The blood salicylate concentrations (Tables IV and V) were 
those measured in samples obtained at the time of death of the 
animals, z.e. 90 minutes after the salicvlate was administered. 

The results regarding fatty acids (Table V) show that 500 mg. 
of salicylate per kg. of body weight did not change the percentage 
of fatty acids isolated from the livers of nonfasted animals but 
reduced the amount of C incorporated into these fatty acids to 
about one-third of the values obtained for the corresponding 
control rats. 


DISCUSSION 


The results of the present work show that in the rat, given 
acetate-2-C™ by injection, salicvlate causes elevated respiratory 
excretions of total CO. and CO, together with a decreased in- 
corporation of the isotope into the liver glycogen and fatty acids. 


TABLE II 


Effect of salicylate on respiratory excretion of C'%O.* 


No. of rats | 


COs excretiont 


* The results are expressed as indicated in Table [. 


Group | 
| 0-10 min. 0-20 min. | 0-40 min. 0-60 min. 
Fasted | | | 
SS ea wae orden, | 6 | 2.46 + 0.24 8.96 + 0.44 | 22.48 + 1.20 32.94 + 2.0] 
Salievlate, 250 mg./kg......... 4 1.93 + 0.31 10.00 + 1.79 29.85 + 3.42 48.22 + 4.33 
| p=0.1 p = 0.6 p= 0.1 p = 0.02 
Salicylate, 500 mg./kg......... 4 2.30 + 0.19 | 12.03 + 1.55 39.66 + 3.62 52.27 + 3.93 
p = 0.4 p = 0.1 p = 0.01 p = 0.01 
Nonfasted | 
6 | 2.32 + 0.41 9.72 + 2.29 25.71 + 3.07 37.42 + 4.09 
Salievlate, 500 mg./kg......... | 6 | 3.05 + 0.74 16.33 + 3.90 43.20 + 7.70 58.13 + 8.00 
| | p=0.1 p = 0.01 p = 0.01 p = 0.01 
* The results are expressed as indicated in Table I. 
+ Expressed as cumulative percentage of the dose of C'‘ given by injection. 
TaBLe III 
Effect of salicylate on specific activity of total CO2* 
Group No. of rats | Specific activity of total COs (uc. gm. carbon 10 we. injected) 
10 min. 20 min. JO min. 40 min. 50 msm. 
 Fasted | | | 
REECE Oe LT YE 6 2.43 + 0.20 | 3.38 + 0.24 | 3.48 + 0.37 | 3.18 + 0.23 2.77 + 0.24 2.28 + 0.19 
Salicvlate 250 mg./kg........ 4 2.05 + 0.28 | 4.06 + 0.48 | 4.26 + 0.41 3.60 + 0.30 2.82 40.23 2.17 + 0.1 
| | p = 0.4 p = 0.3 p= 0.3 | p = 0.4 p = 0.9 p= 0.8 
Salicvlate 500 mg./kg....... | 4 | 1.87 + 0.24 3.638 + 0.45 3.50 + 0.35 2.75 + 0.30) 2.06 + 0.25 1.42 + 0.17 
| p= 0.2 p = 0.7 p = 0.9 p = 0.4 p=0.2 p= 0.05 
Nonfasted | | 
| 6 1.96 + 0.48 | 2.94 + 0.37) 3.07 + 0.35 2.89 + 0.37 | 2.58 + 0.44 2.21 + 0.42 
Salicylate, 500 mg./kg....... | 6 | 1.65 + 0.46 | 2.80 + 0.60 2.40 + 0.39 1.72 + 0.27 ' 1.22 40.21 O.98 + 0.19 
| | p = 0.2 p= 07 p = 0.02. p = 0.01 p = 0.01 p = 0.01 
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TaBLE IV 
Effect of salicylate on incorporation of C'*4 into 
liver glycogen of fasted rats* 
No. of | Radi ivity of Blood 

mg./100 ml. 

Salicylate, 250 mg./kg........ 4 60 + 18 46 + 2 

p = 0.01 
Salicylate, 500 mg./kg........ 4 20+ 12.5, 70+ 3 

p = 0.01 


* The results are expressed as indicated in Table I. 


TABLE V 
Effect of salicylate on incorporation of C'* into liver fatty 
acids of nonfasted rats* 


Liver fatty acids 
No 
Blood 
veep ws Per cent weight for| Per cent injected | salicylate 
—_ weight of liver ose of C!s 
wet weight incorporated 
meg./100 
| mil. 
Control........... 6 | 3.88 + 0.45 | 0.436 + 0.180 
Salicylate, 
FOE, 6s sce. | 6 | 4.16 + 0.33 0.159 + 0.051 69 + 4 
| | p= 0.3 p = 0.01 


* The results are expressed as indicated in Table I. 


Salicylate, therefore, increases the oxidation of the labeled acetate 
and reduces its eventual participation in the synthetic reactions 
associated with glycogen formation and lipogenesis in the liver. 
The raised respiratory output of total CO. indicates a more 
general effect of salicylate in augmenting tissue oxidation since 
it has been shown (13) that the respiratory response to salicylate 
in the dog is a summation of both a direct central stimulant 
action and an increased metabolic production of COs. The in- 
creased oxygen consumption caused by salicylate in the intact 
rat (14) may also be evidence in support of this conclusion. 

One of the possible mechanisms by which salicylate could 
produce these effects in the intact animal is by interfering with 
oxidative phosphorylation reactions in the tissues. It has been 
shown (15, 16) that 2 mm (28 mg./100 ml.) salicylate will un- 
couple oxidative phosphorylation reactions in respiring mito- 
chondrial suspensions and that 1 mM salicylate will reduce the 
contents of creatine phosphate and ATP in the isolated rat 
diaphragm muscle (5). The blood salicylate concentrations ob- 
served in the present work (Tables IV and V) are considerably 
greater than the salicylate concentrations effective in these ex- 
periments in vitro. If salicylate impairs the formation of energy- 
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rich phosphate bond compounds then the increased oxygen 
consumption and total CO. production may represent increased 
substrate breakdown as a result of inefficient phosphorylation 
mechanisms. A similar explanation may apply to the increased 
repiratory excretion of CQO. observed in the present experiments. 
The increased conversion of acetate-2-C™ to CO, in the sali- 
cylate-treated rats may, in turn, reduce the availability of the 
labeled acetate carbon for synthesis into glycogen and fatty 
acids in the liver. 

In the rats given salicylate, however, the liver glycogen was 
virtually free from C™, whereas the fatty acids still contained 
about one-third of the radioactivity that was contained in the 
fatty acids from the livers of the corresponding control animals, 
This difference may be attributable to the necessity for additional 
energy-rich phosphate bonds in the intermediate reactions by 
which acetate carbon atoms are incorporated into liver glycogen, 
the major pathway for this conversion being via acetyl coenzyme 
A, the Krebs’ cycle, decarboxylation of oxaloacetate to give 
phosphopyruvate, and modified reversal of the Embden-Meyer- 
hof scheme of glycolysis. 

The finding that salicylate inhibits the synthesis of liver 
glycogen from acetate in the rat is relevant to other observed ef- 
fects of salicylate on carbohydrate metabolism in this species. 
Thus, although an increased rate of glycogenolysis, resulting 


from release of adrenaline, is an important factor (17) in the © 


depletion of liver glycogen caused by salicylate in the normal rat 


(2), impairment of glycogenesis may also be concerned, particu- — 


larly since salicylate diminished glycogen formation in surviving 
rat liver slices (4). The hypoglycemic action of salicylate in the 
fasting alloxan-diabetic rat (3) may also be interpreted as result- 
ing from defective carbohydrate synthesis. 
preparation, the fasting blood glucose must be derived from 
synthetic reactions, since the increased liver glucose 6-phos- 
phatase activity present (18) produces hyperglycemia rather 
than deposition of liver glycogen. 


SUMMARY 


The oxidation of acetate-2-C" and the incorporation of the 
radioactive carbon in the glycogen and fatty acids of the liver 
were studied in the rat. Salicylate was found to increase the 
respiratory excretion of total COs and COs, to prevent the 
incorporation of C™ into liver glycogen, and to inhibit partially 
the incorporation of the isotope into the liver fatty acids. The 


pattern of radioactivity suggested that salicylate increased the | 


oxidation of the labeled acetate and interfered with glycogen 
synthesis and lipogenesis in the liver. A possible mechanism 
for these effects is suggested and some of their implications are 


discussed. 


Acknowledgment—I am grateful to Miss A. Hughes for advice 
in connection with the estimation of total COs and COs. 
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It was first shown by Heim ef al. (2, 3) that 1 hour after 
3-amino-! ,2,4-triazole' has been injected into rats, there is a 
marked inhibition of liver and kidney catalase, a lesser inhibition 
of liver peroxidase, and no inhibition of erythrocyte catalase 
activity. In view of this rather selective action towards tissue 
hydroperoxidases, it seemed possible that aminotriazole should 
exhibit antithyroid activity by inhibiting thyroid iodide per- 
oxidase (4, 5), if such an enzyme exists (6). In essence, the 
action of aminotriazole would resemble that of propylthiouracil 
(7), whereby the thyroid gland is prevented from forming 
organically bound iodine, but can still concentrate plasma iodide. 

This report demonstrates that aminotriazole inhibits thyroid 
[1 uptake and the organic binding of radioiodine without 
affecting the iodide trap. 


EXPERIMENTAL 


Experiments were performed with male Sprague-Dawley rats 
which were kept on Purina chow and tap water ad libitum. 
Injected compounds were dissolved with 1 ml. of isotonic saline 
and given intraperitoneally. Aminotriazole purchased from 
the American Cyanamid Company was purified by extracting 
it with an azeotropic mixture of methanol and benzene (cf. 8). 
The dried aminotriazole crystals were dissolved in a minimum 
amount of water and decolorized with charcoal. The white 
triazole thus crystallized melted at 153-154° (corrected). 

The percentage of uptake of injected [*! was determined by 
removing and counting radioactivity in whole thyroid glands 
after 1 we. of carrier-free Nal! had been given. For this, 
animals were killed with ether. The radioactivity in the trachea 
adjacent to the thyroid was counted and no significant amount 
of thyroid tissue was attached to it. Plasma was obtained 
from blood collected from the heart with a heparinized syringe. 

The thyroid to serum inorganic radioiodide concentration 
ratios (T:S) were determined by a modification of the procedure 
described by Vanderlaan and Greer (9). The thyroid inorganic 
radiolodide was measured by first homogenizing the gland in a 
Potter-Elvehjem apparatus with 1 ml. of 5 per cent trichloro- 
acetic acid containing 1 mg. of potassium iodide as carrier, 
combining the supernatant fluid with two washings of the 
precipitate each with 1 ml. of the trichloroacetic acid-potassium 
iodide mixture, and counting in a well scintillation counter. 
Almost al] of the radioactivity in this supernatant fraction was 
retained by Dowex 2 (chloride form). This indicated that the 
radioactivity was predominantly iodide, since a preliminary 

* A preliminary account has appeared in abstract form (1). 

1 Hereafter, 3-amino-1,2,4-triazole will be referred to as amino- 
triazole. 
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experiment showed that radioiodide was so retained but iodinated 
tyrosine derivatives were not. 

Thyroid catalase activities were determined by iodometric 
titration (10). Thyroid glands, rinsed with isotonic saline 
solution, were homogenized for 2 minutes with 1 ml. of 0.1 m 
phosphate buffer, pH 6.8. The homogenate was centrifuged 
at 2000 x g for 10 minutes and 0.1 ml. of the supernatant fluid 
was used for the catalase assay. This was incubated with 
shaking with 0.5 ml. of 0.2 n H.O2 in pH 6.8 phosphate buffer 
for 5 minutes at room temperature. Nonvolatile organic 
material was determined by the method of Johnson (11). 

Liver, kidney, erythrocyte, and whole blood catalase activities 
were carried out as previously described (12). Red cells and 
whole blood were hemolyzed with 50 volumes of water and 0.2 


and 0.4 ml. aliquots respectively were used in the catalase assay. | 


RESULTS 


— 


A typical experiment demonstrating the effect of amino- 


triazole on thyroid iodine metabolism is shown in Table I. 
weighing 200 gm. were injected with 1 mg. of aminotriazole 
followed in 1 hour by radioiodine. The animals were then 
killed at 30 minutes, 60 minutes, and 240 minutes; these are 
designated as Aminotriazole 30, 60, and 240, and controls in- 
jected with isotonic saline solution are shown as Control 30, 
60, and 240. It is seen that aminotriazole markedly inhibits 
thyroid I'' uptake. In the control thyroids, 90 to 95 per cent 
of the radioiodine was precipitated by trichloroacetic acid and 
this was reflected in the higher T:S ratios of the aminotriazole 
animals. Coupled with the decreased iodine uptake, these 
results demonstrated that aminotriazole blocks organic iodine 


formation, but did not affect the iodide trapping mechanism. | 
Similar results were obtained with 0.5 to 100 mg. of amino- — 
Injections of 25 mg. of aminotriazole per 100 gm. of | 


triazole. 
body weight were required to produce marked inhibitions of 
liver and kidney catalase activities (2, 3). 

In studies on the goitrogenic action of aminotriazole, rats 
daily drank 30 to 35 ml. of water that contained 0.04 per cent 
aminotriazole. 
mately as much weight as the controls. The liver and kidney 
catalase activities of the aminotriazole-fed animals were in- 
hibited by 50 per cent but the red cell catalase was unaltered. 
Table IL gives the data obtained in this experiment and the 
goitrogenic effect of aminotriazole is readily apparent. 
thyroid [}! uptake of the controls and the 37 day aminotriazole- 


fed animals was the same and, as before, more than 90 per cent 
of the radioiodine in the aminotriazole thyroids was soluble in _ 
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TABLE I 
Effect of 3-amino-1,2,4-triazole on thyroid I'®! uptake in rats 


soluble in | 
Rat No. I)? uptake trichloroacetic | T:$° 
acid 
1.23 9.3 40 
Aminotriazole 30........ | 0.26 94.8 64 
1.72 9.5 23 
Aminotriazole 60......... 0.57 95.4 70 
Control 240.............. 2.18 | 5.0 25 
Aminotriazole 240... 0.18 84.3 71 


* Ratio of thyroid to plasma radioiodide concentration. 


TABLE II 
Production of goiters in rats fed 0.04 per cent 3-amino-1 ,2,4-triazole 

me. | % | 
Aminotriazole-fed for 12 | | 

Aminotriazole-fed for 20 | | 

Aminotriazole-fed for 37. | 

| 97.3 | 1.4 | 56 


* Figures in parentheses refer to the number of animals used. 
+ Ratio of thyroid to plasma radioiodide concentration. 


TABLE III 
Effect of 3-amino-1,2,4-triazole on rat thyroid catalase activity 


' Experimental group* Thyroid catalase specific activityt 


50 mg. aminotriazole............... 0.115 

1 mg. aminotriazole............... 0.248 


* Four animals, each weighing approximately 200 gm., were 
used in all groups and were killed 1 hour following injections. 

t Average activity obtained with four separate thyroids ex- 
pressed as milliequivalents of H2O2 decomposed in 5 minutes per 
mg. of nonvolatile organic material. 


trichloroacetic acid. Microscopic examination of the goitrous 
glands showed a loss of colloid and hyperplasia. 

Keilin and Hartree (13) have demonstrated that in the absence 
of suitable hydrogen donors, peroxidases catalyze the decom- 
position of hydrogen peroxide and thyroid peroxidase would be 
expected to exhibit such activity too. Thus, following the 
injection of aminotriazole, a decrease in the ability of thyroid 
homogenates to decompose H2O2 would presumably be related 
to changes in the enzymatic activity of the thyroid gland rather 
than to inhibition of any contaminating blood catalase because 
aminotriazole does not alter red cell catalase activity. Table 
III gives the data obtained on the catalase activities of thyroid 
homogenates from different groups of control and aminotriazole- 
injected animals. Boiled homogenates from all animals had 
no catalase activitv. There was no significant difference in 
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the catalase activities of the two control groups. Animals 
injected with 50 mg. of aminotriazole had thyroid catalase 
activities which were 44 per cent of those of the controls. How- 
ever, animals receiving 1 mg. of aminotriazole, an amount 
which markedly inhibits thyroid iodine uptake, had essentially 
the same catalase activity as the controls. 

A recent report (14) has shown that aminotriazole is not 
readily permeable to the red cell membrane. Thus, amino- 
triazole in the plasma might have inhibited the erythrocyte 
catalase released during homogenization of thyroid tissue con- 
taminated with blood. Such a possibility could have explained 
the result obtained with the injection of 50 mg. of aminotriazole 
but was excluded when the catalase activities of hemolyzed 
whole blood were found to be the same in these animals as in 
the controls. 

In examining the nonenzymatic reaction between amino- 
triazole and I., it was found that when a solution consisting of 
0.05 mM aminotriazole and 0.005 m Iz was allowed to stand for 
30 minutes at pH 7.4, only 15 per cent of the I, had disappeared. 
Under identical conditions either in the presence or absence of 
aminotriazole, 0.05 mM tyrosine immediately reacted with all 
of the Io. 


DISCUSSION 


Antithyroid drugs which block the formation of organic iodine 
generally contain thiocarbamy! or aromatic groups (15). Com- 
pounds with these groups react very rapidly with I. to form 
either I- (16) or iodinated derivatives (17), but the significance 
of such reactions in vivo is not definitely known (17, 18). In 
contrast, neither group is found in the aminotriazole molecule 
and the triazole would not be expected to react with I, in vivo. 
But the possibility that aminotriazole metabolites might react 
with I, or other oxidized forms of iodine which normally exist 
in the thyroid has not been excluded. 

Because small doses of aminotriazole inhibit thyroid iodine 
uptake without affecting thyroid catalase activity, the depressed 
activity produced by larger doses of aminotriazole probably 
has no bearing on the antithyroid action of the drug. Small 
amounts of aminotriazole may inhibit thyroid iodide peroxidase 
activity towards iodide ion without altering the catalase activity 
and it would be more revealing to assay iodide oxidation by 
H.O, and thyroid tissue. Such an assay is complicated by the 
nonenzymatic oxidation of iodide by H,O, and the contamination 
of thyroid tissue by erythrocyte catalase and methemoglobin 
which behaves as a peroxidase. 

Sufficient information was not obtained from these experi- 
ments to assess the possible inhibition by aminotriazole of 
tvrosine iodinase (19) or the presumed H.O, generating system 
in the thyroid gland. 


SUMMARY 


In the rat, 3-amino-1,2,4-triazole is a fairly potent anti- 
thyroid agent which inhibits the formation of organically bound 
iodine but does not affect the iodide trap. Continuous ingestion 
of the triazole causes hyperplasia of the thyroid gland. Large 
doses of the triazole bring about a 50 per cent inhibition of 
thyroid catalase activity. Much smaller doses of the drug do 
not alter the thyroid catalase activity but are effective in in- 
hibiting I! uptake by the thyroid gland. It is believed that 
the decreased thyroid catalase activity is probably not related 
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Antithyroid Action of 3-Amino-1 ,2 ,4-triazole 


to the antithyroid action of the drug. The mechanism of the 
antithyroid activity is not known. 
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The Bacterial Oxidation of Nicotine 


I. NICOTINE OXIDATION BY CELL-FREE PREPARATIONS* 


L. I. HocustEINt AND SypNEY C. RITTENBERG 


From the Department of Bacteriology, University of Southern California, Los Angeles, California 


(Received for publication, August 18, 1958) 


Various pathways have been postulated for nicotine degrada- 
tion involving an initial attack at either the pyridine or the 
pyrrolidine rings. The evidence for the suggested pathways has 
been provided mainly by the isolation of a variety of compounds 
from bacterial growth media (1, 2), tobacco seed infusions (3), 
fermented tobacco leaves (4), and the urine of animals that 
previously had been fed nicotine (5, 6). Unfortunately, because 
of the complexity of these systems it is not certain whether the 
isolated products are directly or indirectly derived from nicotine, 
nor is the sequence of their appearance clearly established. In 
an effort to avoid the difficulties inherent in the use of complex 
systems, studies of nicotine metabolism were attempted at the 
enzyme level employing crude and fractionated extracts derived 


from a bacterium. 
EXPERIMENTAL 


The organism (designated as strain P-34) employed is a gram- 
negative rod isolated from soil by enrichment culture techniques. 
It is capable of using nicotine as its sole source of carbon and 
energy but its growth is stimulated by yeast extract. It was 
grown in a medium having the following composition in grams 
per 100 ml.: 1.33 KzHPO,-3H.O, 0.4 KH2PO,, 0.1 (NH4)S0O,, 
0.1 yeast extract, 0.4 nicotine, and the following trace salts; 
0.01 MgSO,-7H.O, 0.002 CaCl,-2H,0, 0.004 MnSO,-4H,0, 
0.0002 FeSO,-7H,O. The trace salts were dissolved in 0.1 N 
HCl at 100 times the final medium concentration, autoclaved, 
and added aseptically to the medium in the required amounts. 

For the preparation of large batches of cells, growth was car- 
ried out in 12-liter round bottom flasks containing 7 liters of 
medium. The inoculated medium was aerated with sterile air 
and incubated at room temperature. After the culture reached 
the maximum stationary phase (approximately 60 hours), the 
cells were harvested in a Sharples centrifuge. The unwashed 
cell paste was stored at —18° until needed. Yields were of the 
order of 6.5 gm. wet weight of cells per liter of medium. 

Cell-free extracts were prepared according to the method of 
Mellwain (7) by grinding a mixture of 10 gm. of partially thawed 
cells and 25 gm. of levigated alumina in a cold mortar. After 
grinding for 10 to 14 minutes at room temperature, the cell- 
alumina mixture became ‘‘tacky.”’ The resulting paste was 
extracted with 30 ml. of 0.01 mM potassium phosphate buffer, 
pH 7, for 15 minutes at room temperature and for 45 minutes at 


* This work was supported by a grant from the Tobacco In- 
dustry Research Committee. Preliminary results were presented 
to the Society of American Bacteriologists, May 1957. 

+t Present address, Department of Medical Microbiology, Uni- 
versity of Southern California School of Medicine. 


4°. The alumina, unbroken cells, and cell debris were removed 
by centrifugation at 18000 x g for 60 minutes at 4°. The re- 
sulting clear yellow supernatant fluid constituted the crude ex- 
tract and contained, on the average, 22 mg. of protein per ml. 

Ammonium sulfate fractionation of the crude extract was 
carried out at room temperature by the addition of the required 
amount of solid ammonium sulfate (8). After the addition of 
the ammonium sulfate, the precipitated protein was removed by 
centrifugation at 4° for 10 minutes at 18000 x g. The super- 
natant solution was decanted, the pellet drained by inversion 
and dissolved in 0.01 m potassium phosphate buffer, pH 7, to give 
a final volume of approximately one-fourth that of the starting 
crude extract. All enzymatic fractions were stored at —18° 
if not used immediately. 

Protein was determined by trichloroacetic acid precipitation 
(9), crystalline egg albumin being used as the standard. The 
optical density at 540 my was determined in a Bausch and Lomb 
Spectronic-20. 

Ultraviolet absorption spectra were determined with a Beck- 
man model DU spectrophotometer. Reaction mixtures were 
prepared for spectrophotometry by adding them to 2 volumes of 
0.1 n HCl, removing the precipitated protein by centrifugation, 
and, if required, diluting the clear supernatant solution with 
additional 0.1 Nn HCl. 

Oxygen consumption and carbon dioxide production were 
determined by conventional manometric techniques (10). 

Reaction mixtures were chromatographed on Whatman No. 1 
paper by the ascending technique. The solvent was an 85:5:30 
mixture of n-butanol, benzene, and 0.2 M sodium acetate buffer, 
pH 5.6 (11). The alkaloids were located by exposing the dried 
chromatograms to cyanogen bromide vapors for 1 hour followed 
by spraying with $-naphthylamine (a Koenig’s reaction), by 
ultraviolet absorption under a Mineralite lamp, or by treating 
the paper with Dragendorff’s reagent.! 


RESULTS 


Oxidation of Nicotine by Crude Extracts—Crude extracts pre- 
pared from several independently grown batches of cells usually 
oxidized nicotine at a slow but definite rate. The amount of 
oxygen consumed varied from extract to extract and in many 
cases no oxidation was observed. Furthermore, fresh extracts 
which oxidized nicotine lost this ability upon storage at —18°. 


1 Prepared by mixing 5 parts of solution A (0.85 gm. of bismuth 
subnitrate, 40 ml. of distilled water, and 10 ml. of glacial acetic 
acid) with 5 parts of solution B (8 gm. of potassium iodide in 20 
ml. of distilled water), and adding 20 ml. of glacial acetic acid and 
100 ml. of distilled water. 
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TABLE 
Oxidation of nicotine by methylene blue-supplemented 
crude extracts 
Experimental conditions: 1 wmole nicotine, 102 wmoles potas- 
sium phosphate buffer, pH 7, 1 umole methylene blue where 
noted, 1 ml. crude extract; total volume 2.0 ml., gas phase air. 


30°. The age of the extract represents days of storage, after 
preparation, at —18°. 
Experiment No. Age of extract | Methylene blue 
| 
days | pl. 
1 0 | _ 48 
| + | 7 
4 | — | 2 
+ | 65 
2 0 0 
| + | 71 
1 0 
| | + | 67 
3-0 
WITH 
METHYLENE BLUE 
2.5} 
= 
2 20} 
WITHOUT 
METHYLENE BLUE 
2 1s 
= 
WwW 
=z 
05 


80 120 160 
TIME IN MINUTES 

Fic. 1. The oxidation of nicotine by a crude extract. In the 
presence of methylene blue, the reaction mixture contained 5 
umoles of nicotine, 120 umoles of potassium phosphate buffer, pH 
7, and 1 ml. of crude extract. In the absence of methylene blue, 
the reaction mixture contained 1 wmole of nicotine, 88 wmoles of 
potassium phosphate buffer, pH 7, and 1 ml. of crude extract. 
Data corrected for oxygen consumption in the absence of sub- 
strate. Total volume, 2.0 ml., gas phase air, 30°. 


TABLE II 
Oxygen consumption and carbon diozide formation during nicotine 
ozidation by methylene blue-supplemented crude extracts 
Experimental conditions: 5 wmoles nicotine, 120 wmoles potas- 
sium phosphate buffer, pH 7, 1.25 umoles methylene blue, 11 mg. 
(Experiment 1) and 17.3 mg. (Experiment 2) crude extract; 
total volume 2.0 ml., gas phase air, 30°. 


uMoles oxygen consumed uMoles carbon dioxide produced 


| 
No. 
Per umole of Per umole of 
Total nicotine Total nicotine 
1 | 14.5 2.9 1.94 | 0.39 
13.8 2.8 1.88 
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Oxidative activity in aged extracts was restored by the addition 
of methylene blue, brilliant cresy! blue, and 2 ,6-dichlorophenolin- 
dophenol, but not by a number of cofactors, by metallic ions,? 
or by cell debris. 

In addition to restoring oxidative activity lost during storage, 
methylene blue rendered active those extracts which did not 
oxidize nicotine when freshly prepared, and stimulated the rate 
of oxygen consumption in those extracts which initially had ovi- 
dative activity (Table I). No oxidation of nicotine was observed 
in the absence of enzyme thus ruling out a photochemical oxida- 
tion of nicotine by methylene blue (12) under the conditions 
employed. 

Methylene blue also affected the manner in which nicotine 
oxidation occurred. Whereas unsupplemented extracts oxidized 
nicotine at a constant rate, methylene blue-supplemented crude 
extracts oxidized nicotine in a series of steps of decreasing oxida- 
tive rate (Fig. 1). These rate changes occurred after the con- 


sumption of nearly 0.5 umole of oxygen, or some integral multiple 
of 0.5, per umole of nicotine until a total of approximately 3 
umoles of oxygen per umole of nicotine was consumed. The 
data presented indicate rate changes after the consumption of 
0.6, 1.6, 1.9, 2.5, and 2.8 ywmoles of oxygen per umole of nicotine. 
The position of the changes differed from extract to extract, and, 
in most experiments, the first change in rate occurred after the 
consumption of 1 umole of oxygen per umole of nicotine. Total 
oxygen consumption was usually 3 wmoles per umole of nicotine, 
but occasionally somewhat smaller or larger values were observed. | 
Assuming that 2 electrons were transferred per oxidative step, 
the typical crude extract catalyzed six oxidative reactions in | 
nicotine degradation. No significant amounts of carbon dioxide 
were released up to this point of oxidation (Table II), suggesting — 
that the fundamental carbon skeleton of nicotine might still be 
intact. 

Chromatography of Reaction Mixtures —Chromatograms run on | 
reaction mixtures stopped at the first rate change (after the con- 
sumption of approximately 0.5 umole of oxygen per umole of 
nicotine) showed no residual nicotine, but did show another 
compound with a lower Re. After the consumption of approxi | 
mately 1 umole of oxygen per umole of nicotine, neither nicotine — 
nor the previous compound was detected, and a single new ultra- 
violet light-absorbing and Dragendorff reagent-positive spot was 
observed (Table III).3 It would appear not only that products 
had accumulated at the points at which change of rate occurred, 
but also that essentially all of the initial substrate was con- 
sumed before oxidation of the subsequent substrate was init! 
ated. 

Changes in Ultraviolet Absorption Spectra—With the consump- 
tion of 0.5 umole of oxygen per umole of nicotine, a marked 
change in the ultraviolet absorption spectrum of the reaction | 


mixture was observed. The absorption maximum at 260 mp 
due to the pyridine moiety of nicotine disappeared, and in! 
its place 2 absorption maxima appeared, a rather sharp and in 
tense peak at 232 my, and a peak of lower extinction at 295 mg. 
These peaks were absent after the consumption of 1 umole oi 


2 The following cofactors and metallic ions were tried individu 
ally and in combination with negative results: ATP, ADP, DP%, 
TPN, CoA, GSH, riboflavin, riboflavin-5-phosphate, cytochrome ! 
C, MgS0O,-7H2O, MnS0O,-4H2O, CuSO,-5H.O, FeSO,-7H20, 
FeCl;, ZnSO,-6H2O, CoCl.-6H.2O, and MoQs. 

3 Although the observed Rr values were very close, the com- 
pound with an ,p of 0.12 gave a much redder color with Drager 
dorff’s reagent than the compound with an /?- of 0.09. 
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Paper chromatography of reaction mixtures after consumption of 
0.5 and 1 wmole of oxygen per umole of nicotine 


Rr 
Oxygen consumed 
CNBr | Ultraviolet Dragendorft's 
| absorption reagent 
‘umole nicotine | 
0 0.33 | * 
0.57 0.12 0.12 
1.05 | a | 0.09 0.09 
Nicotine control | 0.32 0.32 0.32 


* Not employed. 
+ No spot detected. 


oxygen per wmole of nicotine. However, a new absorption 
maximum at 290 my was observed (Fig. 2). These results sup- 
ported the chromatographic evidence for the temporary ac- 
cumulation of intermediates, and showed that the first two of 
these substances could be easily distinguished from one another 
and from nicotine by means of their absorption in the ultraviolet. 

Oxidation of Nicotine by Ammonium Sulfate Fractions—By 
fractionating the crude extract with ammonium sulfate in 
increments of 20 per cent of saturation with respect to am- 
monium sulfate, two preparations were obtained which oxidized 
nicotine when supplemented with methylene blue. Although 
fractionation did not lead to a large increase in specific activity, 
it did recover a major portion of the initial crude activity (Table 
IV). What is more important, fractionation with ammonium 
sulfate separated the material responsible for the initial oxidative 
step from the subsequent ones (Fig. 3). 

The 20 to 40 fraction, when dissolved in buffer, gave an 
intensely yellow solution. It oxidized nicotine in the presence 
of methylene blue, and oxidation ceased after the consumption 
of 0.5 umole of oxygen per umole of nicotine (Fig. 3). 

When nicotine and methylene blue were present in excess, the 
rate of nicotine oxidation was limited by the concentration of 
enzyme protein over the experimentally determined range of 
from 0.11 mg. to 1.1 mg. per ml. In the presence of an excess 
of nicotine and of enzyme, methylene blue limited the rate of 
oxidation up to a concentration of 2.6 & 10-4 M, in reasonably 
close agreement with that observed with crude extracts. In 
the presence of an excess of enzyme and of methylene blue, 
nicotine limited the rate of oxidation up to a concentration of 
approximately 5 (Fig. 4). 

After the oxidation of nicotine by the 20 to 40 fraction ceased, 
the ultraviolet absorption spectrum and the chromatographic 
behavior of the reaction mixture were identical to that observed 
at the 0.5 umole oxygen rate change when nicotine was oxidized 
by a crude extract. 

The 40 to 60 fraction was obtained as a light green pellet. 
Relatively concentrated solutions of this fraction were deep 
green in color when dissolved in 0.01 M potassium phosphate 
buffer, pH 7. This fraction oxidized nicotine only in the pres- 
ence of methylene blue, with the consumption of 1 umole of 
oxygen per umole of nicotine (Fig. 3). At the end of the oxida- 


tion, the reaction mixture had the ultraviolet absorption spec- 
trum and the chromatographic properties present at the 1 umole 
oxygen rate change obtained with the crude extract. 


The 40 


L. 1. Hochstein and S. C. Rittenberg 


153 


to 60 fraction apparently contained the enzymes responsible for 
both the first and second oxidative steps in nicotine degradation. 
The properties of this fraction will be more fully described in a 
subsequent paper. 


260 


WAVE LENGTH (my) 

Fic. 2. The ultraviolet absorption spectra of reaction mixtures. 
Curve A, zero time control. Curve B, after the consumption of 
0.53 umole of oxygen per umole of nicotine. Curve C, after the 
consumption of 1.04 wmoles of oxygen per umole of nicotine. 


TABLE IV 


Fractionation of crude extracts with ammonium sulfate 


Specific 


Ammonium sulfate | Total protein Total units* | activity | | Reconsey of 
saturation mg. | units/mg. | 
Crude | 543 | 4724 | 9 
20-40 | 120 57 


* A unit of enzyme activity is defined as 1 ul. oxygen consumed 
per 10 minutes during the maximum rate of oxygen consumption 


400F 
40-60 FRACTION 3 
300F 
200F 20-40 FRACTION 
4 
100} 
a 
20 40 60 80 
TIME IN MINUTES 


Fig. 3. The oxidation of nicotine by ammonium sulfate frac- 
tionated crude extracts. The reaction mixture contained 20 
umoles of nicotine, 58 wmoles of potassium phosphate buffer, pH 
7, 1.25 pmoles of methylene blue, and the following ammonium 
sulfate fractions: 7.5 mg. 20 to 40 fraction and 18.5 mg. 40 to 60 
fraction. No oxygen consumption was observed in the absence of 
nicotine, methy lene blue, or the enzyme fractions. 
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Fic. 4. The effect of nicotine, methylene blue, and enzyme 
concentrations upon the rate of nicotine oxidation. When not 
employed as the variable, the concentrations of nicotine, methyl- 
ene blue, and the 20 to 40 fraction were 2 X 10°? M, 1 X 1073 M, 
and 28.4 mg. of protein per flask, respectively. When the 20 to 
40 fraction was employed as the variable, the enzyme solution 
contained 2.2 mg. of protein per ml. 


DISCUSSION 


The observed changes in rate during oxidation of nicotine by 
crude extracts in the presence of methylene blue are puzzling. 
One could devise a model system exhibiting similar changes in 
rate in which a series of single step oxidations proceed simul- 
taneously but at successively decreasing rates. In sucha system, 
the rate of oxygen uptake would change with the disappearance 
of each member of the sequence in turn, and at the change, all 
succeeding members would be present in proportion to the 


difference in their rates of formation. Thus if 
1 


at the indicated rates, r, the initial rate of oxygen uptake would 
be 6r and would change to 3r with the exhaustion of A. At 
this point, B, C, and D would be present in a ratio of 1:1:1. 
Although the rate changes during nicotine oxidation correspond 
to points of temporary accumulation of intermediates, the 
situation is quite different from the hypothetical example in 
that the data show that none of the serially accumulated prod- 
ucts are metabolized until their successive precursors have been 
exhausted. That is, B is not oxidized until A is exhausted. 

The mechanism responsible for this unique situation is not 
known. The possibility that each precursor competes with 
its product for an enzyme site and thus inhibits product oxidation 
was ruled out, at least in the case of the 0.5 umole of oxygen 
product, by the following evidence. The 40 to 60 fraction, 
which oxidizes both nicotine and the product that accumulates 
after the consumption of 0.5 wmole of oxygen per umole of 
nicotine (13), oxidized the latter compound at the same rate 
in the presence and absence of nicotine. A second possibility 
is that accumulation and changes of rate are a result of some 
cofactor deficiency, a cofactor shared in common by several of 
the enzymes involved in nicotine oxidation. This mechanism 
would demand that the cofactor exist as a ternary complex 
between enzyme, substrate, and cofactor, and that the enzyme- 
substrate complex have a very high affinity for the cofactor 
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relative to the affinity of the succeeding enzyme-substrate 
complex. 

The changes in the absorption spectrum during nicotine oxida- 
tion provide a clue as to the nature of the initial oxidative step. 
Nicotine, by virtue of its pyridine moiety, absorbs strongly at 
260 mu. It is known (14) that the introduction of a double 
bound in conjugation with the pyridine ring results in the 
appearance of a new absorption maximum at 234 my accom- 
panied by a bathochromic shift of the 260 my absorption maxi- 
mum. The addition of a second double bond in conjugation 
with the pyridine ring results in an additional bathochromic 
shift accompanied by a complete loss of the characteristic 
absorption maximum associated with the pyridine nucleus (14), 
One possible interpretation of our spectrophotometric data is 
that the initial reaction during the oxidation of nicotine produces 
an unsaturation of the pyrrolidine ring. However, the failure 
to observe a Koenig’s reaction subsequent to the consumption 
of 0.5 umole of oxygen per umole of nicotine (Table III) im- 
plicates either the nitrogen or the a-carbons of the pyridine ring 
as the sites of attack (15). The two possible reactions in this 
case would be the addition of oxygen to the pyridine nitrogen to 
yield a pyridine-N-oxide derivative of nicotine, or the addition 
of oxygen to either a-carbon to yield a pyridone derivative of 
nicotine. The possibility that the product was an N-oxide 
seemed unlikely when it was found that pyridine-N-oxide 
itself, in 0.1 N HCl, has but a single absorption maximum 
located at 255 my (13). A_ pyridine-N-oxide derivative of 
nicotine would be expected to possess an analogous absorption 
spectrum in the ultraviolet. On the other hand, an authentic 
sample of 2-pyridone, in 0.1 N HCl, exhibited 2 absorption maxi- 
ma, one at 227 and the other at 297; the latter absorption maxi- 
mum had a lower extinction (13). Thus it seems probable that 
the first oxidative product is a pyridone and that the organism 
P-34 initiates the oxidation of nicotine in a manner similar to 
the pyridine pathway postulated by Frankenburg and Vaite- 
kunas (3). In the following paper, the isolation and identifica- 
tion of this compound will be described. 


SUMMARY 


Crude cell-free extracts prepared from a soil bacterium capable _ 
of growing at the expense of nicotine as the sole source of carbon | 


and nitrogen degraded nicotine with the consumption of 3 
umoles of oxygen per umole of nicotine when supplemented with 
methylene blue. No carbon dioxide was formed up to this 
level of oxidation. 


With crude extracts, nicotine oxidation proceeded through a — 


series of sharp changes of rate occurring after the uptake of 


0.5, or multiples of 0.5, umole of oxygen per umole of nicotine. | 
Chromatographic evidence and ultraviolet absorption data | 


indicated that each point of change of rate coincided with the 


temporary accumulation of intermediates in the oxidation | 
sequence, and that none of the serially accumulated _inter- 


mediates are oxidized until their precursors are exhausted. After 
the consumption of 0.5 wmole of oxygen per umole of nicotine, 


with the use of either a crude extract or an ammonium sulfate | 
fractionated enzyme, the absorption maximum at 260 mp > 
resulting from nicotine disappeared, and a compound having 
absorption peaks at 232 and 295 my appeared. With the , 
additional uptake of 0.5 umole of oxygen per umole of nicotine, 
these peaks disappeared and a new absorption maximum at , 


290 my was observed. 
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The nature of the absorption spectrum of the first oxidative primary attack at the pyridine moiety of nicotine to yield a 
product and its failure to give a Koenig’s reaction suggests a _pyridone substituted at an a-carbon of the pyridine ring. 
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The Bacterial Oxidation of Nicotine 


Il. THE ISOLATION OF THE FIRST OXIDATIVE PRODUCT AND ITS 
IDENTIFICATION AS (1)-6-HYDROXYNICOTINE* 


L. I. HocusTEINT AND SypNEY C. RITTENBERG 


From the Department of Bacteriology, University of Southern California, Los Angeles, California 


(Received for publication, August 18, 1958) 


It has been previously shown (1) that cell-free extracts from a 
soil bacterium, P-34, oxidize nicotine with the consumption of 
0.5 umole of oxygen per umole of nicotine, producing a compound 
which possesses a characteristic ultraviolet absorption spectrum. 
Preliminary data suggested that this compound was either a 2- 
or 6-pyridone derivative of nicotine. This paper presents 
evidence which indicates that this compound is the first oxidative 
product of nicotine degradation and is indeed (1)-6-hydroxy- 
nicotine (6-OHN).? 


EXPERIMENTAL 


The conditions of growth and the preparation and fractiona- 
tion of cell-free extracts have been described previously (1). 

2-OHN was synthesized from nicotine according to the 
methods of Chicababin and Kirssanow (2) and Wada (38). 
Samples of 2-OHN and 6-OHN were obtained as gifts through 
the generosity of Dr. E. Wada, Central Research Institute, 
Japan Monopoly Corporation, Tokyo, Japan. 

Infrared spectra were determined with a Perkin-Elmer model 
137 Infracord double beam spectrophotometer. The sample 
was made up in potassium bromide by mixing 1 part of sample 
with 100 parts of anhydrous potassium bromide. The mixture 
was agitated for 2 minutes in a Wig-L-Bug amalgamator,? and 
the resulting powder was compressed at 18,000 pounds/sq. in. 
in a vacuum. 

Ultraviolet spectrophotometry, paper chromatography, and 
manometry were carried out as previously described (1). Melt- 
ing point determinations were made in sealed capillary tubes 
and were uncorrected. Optical rotations were determined in a 
Rudolph High Precision Polarimeter, model 80. 


RESULTS 


Isolation of First Oxidative Product from Enzymatic Reaction 
Mizxtures—2000 ypmoles of nicotine (324 mg.), 10 umoles of 
methylene blue, 490 uwmoles of potassium phosphate buffer, pH 
7, and the 20 to 40 fraction were incubated in an Erlenmeyer 


* This work was supported by a grant from the Tobacco In- 
dustry Research Committee. 

+ Present address, Department of Medical Microbiology, Uni- 
versity of Southern California School of Medicine, Los Angeles, 
California. 


1The abbreviations used are: 2-OHN, 2-hydroxynicotine; 


6-OHN, 6-hydroxynicotine; STA, silicotungstic acid. 
2 Manufactured by Crescent Dental Manufacturing Company, 
Chicago, Illinois. 


flask in a total volume of 20 ml. The flask, attached to a 
mercury manometer, was placed on a rotary shaker and in- 
cubated at 30°. 

When oxygen consumption approached 0.5 umole of oxygen 
per umole of nicotine, 2 volumes of 0.1 N HCl were added to 
the reaction mixture and the precipitated protein was removed 
by centrifugation. The acidified solution was treated with an 
excess of Dowex 50 in the acid form until the supernatant solu- 
tion failed to give a precipitate with STA. The resin was 


centrifuged, washed with 0.1 Nn HCl, and suspended in 0.1 mM 


KCl. The resin was removed by centrifugation, the eluate was 
saved, and the resin was suspended in fresh 0.1 mM KC] and again 
centrifuged. 
at reduced pressure to vield a yellowish residue. 


The combined eluates were evaporated to dryness | 
This was 


exhaustively extracted with several portions of boiling Skelly- | 


solve B and the solvent fractions were combined and partially 
evaporated. Crystallization was permitted to occur at room 


temperature yielding an amorphous solid having a yellowish | 


tinge. A second crystallization yielded «a material which 
melted at 109-119°. After treatment with Norit A, recrystal- 
lization from boiling Skellysolve B yielded a white crystalline 
material which melted at 120—-122° (yield, 144 mg.). 

Isolation of First Product from Growth Medium —During growth 
of P-34 in a nicotine-yeast extract-mineral salts medium, a 


product accumulated whose absorption spectrum was similar to — 
Preliminary | 


the substance produced by the 20 to 40 fraction. 
studies indicated that the accumulation was maximum after 36 
hours of growth and that it was accompanied by the formation 
of a greenish fluorescent pigment (4). 


In order to isolate the product, 28 1. of the growth medium | 


were distributed in 7-l. lots and incubated as previously de- 
scribed. 


acidified to pH 2 with concentrated HCl and treated with STA 
to precipitate the product. An aqueous neutral solution of the | 
product was obtained from the STA salt by following the pro- 
cedure of Frankenburg et al. (5). This solution was evaporated 
to dryness and treated with Skellysolve B as previously de- 
scribed. After 3 recrystallizations from Skellysolve B, 8 gm. of 
a white crystalline material were obtained (m.p. 121-121.5°). | 
Metabolic Behavior of Product—-Nicotine-grown resting. cells 
oxidized the isolated product and nicotine at the same rate (Fig. 
1). At the cessation of oxidation the consumption of oxygen in 
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After 36 hours of growth, the cells were collected ina _ 
Sharples centrifuge and the greenish supernatant fluid was | 
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the case of the product was 0.5 umole of oxygen per umole of 
substrate less than in the case of nicotine.* 

Crude extracts oxidized nicotine and the product at the same 
initial rate (Fig. 2). In the case of nicotine oxidation, the rate 
of oxygen uptake changed after the consumption of 1 umole of 
oxygen per umole of nicotine. The rate of product oxidation 
changed after the consumption of 0.5 umole of oxygen per 
ymole of substrate. After these changes in rates, the rates of 
oxygen consumption for nicotine and product oxidation were 
essentially the same. The product was not oxidized by the 20 
to 40 fraction which oxidized nicotine only to the 0.5 umole 
level (1). With the product as substrate, the 40 to 60 fraction 
(which oxidizes nicotine only to the 1 umole level) and the crude 
extract consumed the same amount of oxygen at the cessation 
of oxidation and at the first change in rate respectively (Table I). 

The stoichiometry of oxygen consumption by resting cells as 
well as the stoichiometry and rate of oxygen consumption by 
various cell-free extracts indicate that the product is an inter- 
mediate in nicotine degradation and not a product of a side 
reaction. 

Properties of Product—The products isolated from enzymatic 
reaction mixtures and growth medium were judged to be identical 
by the following criteria: identity of ultraviolet absorption 
spectra; similarity of melting points; no significant depression 
on mixed melting point determinations; and identical behavior 
during chromatography (Table IT). 

The product did not give rise to a chromogenic compound 
when treated with cyanogen bromide and 8-naphthylamine 
according to the method of McCormick and Smith (6). The 
presence of a hydroxyl group was indicated by the formation of 
a deep burgundy color with ceric nitrate (7). Upon standing, 
the color faded. That this functional group was a pyridone 
seemed probable from the nature of the ferric chloride reaction. 
The product reacted with ferric chloride under acid conditions 
(in 0.2 N HCl), but not under neutral conditions, giving rise to 
an orange-red color, a behavior typical of pyridones (8). 

An elemental analysis gave* the following results: 


CyoHyNe2O 
Calculated: C 67.42, H 7.86, N 15.73 
Found: C 67.46, H 8.00, N 15.62 


The product was optically active, exhibiting an (a), of —54.8° 
in aqueous solutions. 

Although the melting point of the product was similar to the 
reported melting point of 2-OHN (9), comparison of the product 
with synthetic samples of 2-OHN indicated that the substances 
were not identical. The ultraviolet absorption spectra of 2- 
OHN and the product differed significantly. The absorption 
maxima of 2-OHN were located at 228 and 303 my while those 
of the product were located at 232 and 295 my (Fig. 3). Fur- 
thermore, the A.52/29, for 2-OHN was considerably lower than 
that for the biological product. 2-OHN failed to give rise to 
chromogenic compounds when treated with either ceric nitrate 
or acidic ferric chloride. The picrate derivative of 2-OHN 
melted some 30° higher than did the corresponding derivative of 


>The product was assumed to be a hydroxynicotine, molecular 
Weight 178, for this calculation. 

‘The analysis was performed by Dr. A. Elek, Elek Micro Ana- 
lvtieal Laboratories, Los Angeles, California. 
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Fic. 1. The oxidation of nicotine and the first oxidative product 
by nicotine-grown resting cells. Experimental conditions: 3.8 
umoles of nicotine, 3.5 wmoles of product, 70 umoles of potassium 
phosphate buffer, pH 7, 0.25 ml. of a resting cell suspension. 
Total volume 2.0 ml., gas phase air, 30°. 
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Fic. 2. The oxidation of nicotine and the first oxidative product 
by a crude extract. Experimental conditions: 20 uwmoles of nico- 
tine, 15 umoles product, 102 umoles of potassium phosphate buffer, 
pH 7, 1.25 umoles of methylene blue, and 17.5 mg. of crude extract. 
Total volume, 2.0 ml., gas phase air, 30°. 


the biological product (Table II). 2-OHN did not prove to be 
metabolically active. Crude extracts which oxidized nicotine 
beyond the oxidation level of the biological product did not 
oxidize 2-OHN. Finally, and most significantly, the infrared 
spectra of the two compounds were markedly different. The 
absorption spectrum of 2-OHN exhibited a pronounced band at 
approximately 13 yu whereas the absorption spectrum of the 
biological product lacked this feature (Fig. 4). 

On the other hand, several properties exhibited by synthetic 
6-OHN suggested that it might be identical to the metabolic 
product. Its ultraviolet absorption spectrum was essentially 
identical to that of the metabolic product (Fig. 3). The Aos2/095 
of both compounds was in good agreement. Authentic 6-OHN 
reacted with ceric nitrate and ferric chloride in a manner identical 
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TABLE I 
Oxidation of nicotine and first product by various cell-free 
extracts 
Experimental conditions: 19 wmoles of 6-OHN (enzymatic 
product ), 20 umoles of nicotine, 102 umoles of potassium phosphate 
buffer, pH 7, 1.25 wmoles of methylene blue, 17.5 mg. of crude 
extract, 7.5 mg. of 20 to 40 fraction, 14.5 mg. of 40 to 60 fraction. 
Total volume 2.0 ml., gas phase air, 30°. 


uMoles of oxygen consumed per umole of substrate* 
Enzyme fraction Substrate Theoretical for the 
first oxidative 
Nicotine Product product 
Crude 1.09 0.41 0.5 
20 to 40 0.48 0 0 
40 to 60 1.05 0.43 0.5 


* For the crude extract, the oxygen consumption reported is to 
the first change of rate; all other values represent oxygen con- 
sumption at the cessation of oxidation. 


Isolation and Identification of (1)-6-Hydroxynicotine. II 


Vol. 234, No. 1 


Ill). This would indicate that crude extracts contain an 
enzyme capable of racemizing 6-OHN. 

At the cessation of oxidation of the biological product by the 
40 to 60 fraction, the absorption spectrum of the reaction mix- 
ture changed. The absorption maximum at 232 muy disappeared 
and the maximum at 295 my shifted to 290 mu. Thus the 
change in absorption was similar to that observed in reaction 
mixtures in which crude extracts had oxidized nicotine with the 
consumption of 1 umole of oxygen per umole of nicotine prior to 
the change in oxidative rate (1). 


DISCUSSION 


The characterization of the first oxidative product of nicotine 
degradation by strain P-34 as (1)-6-OHN confirms, at least in 
part, the earlier report of Frankenburg and Vaitekunas (10) who 
isolated 6-OHN during the fermentation of nicotine by a tobacco 
seed infusion. The product isolated by these workers was ap- 
parently a racemic mixture as judged by the reported melting 
point of their compound and its failure to depress the melting 


TABLE II 
Properties of biological product and synthetic 2- and 6-OHN 


Biological products Synthetic products 
Property 
Growth medium Enzymatic reaction 2-OHN 6-OHN 
Mixed melting point.................. 119.5-121.5° 
Melting point of picrate.............. 164.5-165° 196-198° (9) 221-222° (2) 
Ultraviolet absorption maximum in 
232 my 232 my 228 mu 232 my 
295 mu 295 mu 303 my 295 my 
5750 7600 5650 
Color with acid ferric chloride........ Orange-red Orange-red No reaction Orange-red 
Color with ceric nitrate............... Burgundy with fad- | Burgundy with fad- No reaction Burgundy with fad- 
ing ing ing 


to the biological product. Furthermore, the infrared spectra 
of both compounds were in excellent agreement (Fig. 4). Finally, 
synthetic 6-OHN proved to be metabolically active. Nicotine- 
grown resting cells and crude extracts oxidized synthetic 6-OHN 
in a manner which suggested that it was indeed an intermediate 
of nicotine degradation. 

However, synthetic 6-OHN and its picrate derivative possessed 
melting points which differed significantly from those of the 
biological product and its picrate. The melting points of the 
free bases differed by some 19° whereas the melting points of 
the picrate derivatives differed by some 60° (Table II). Since 
the synthesis of 6-OHN from nicotine leads to the formation of 
a racemic mixture (2), the disparity of the melting points was 
ascribed to the comparison of a racemic mixture with a levorota- 
tory enantiomorph and thus was not considered significant. 

With use of the 40 to 60 fraction, the net oxygen uptake with 
the racemic, synthetic product as the substrate was one-half of 
that with the biological product. However the crude extract 
oxidized both materials with the same oxygen uptake (Table 


point of a synthetic sample of 6-OHN. Whether racemization 
occurred as a consequence of their isolation procedure or was due 
to enzymatic action is difficult to assess because of the com- 


plexity of the environmental conditions which were employed | 


as well as the failure of these workers to describe their isolation | 


procedure. 


In view of the isolation of 6-OHN and other com- | 


pounds from fermentation mixtures, these authors postulated 3 _ 
pathways for the bacterial degradation of nicotine: the “pyridine | 


pathway,” in which 6-OHN is the first oxidative product; and 
the “pyrrolidine pathway,” which in reality consisted of two 
pathways which diverged after the formation of y-keto-y-(3- 


pyridyl) butyric acid, in which pseudo-oxynicotine was pro-— 


posed as the first product. 

Wada (3), who investigated the oxidation of nicotine by a 
group of soil bacteria, isolated and identified a series of com- 
pounds from the spent growth medium. He proposed that 
nicotine degradation is initiated at the pyrrolidine ring to yield 
N-methylmyosmine as its hydrated species, pseudo-oxynicotine. 


Some of the soil isolates were also capable of degrading nor 
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Fic. 3. The ultraviolet absorption spectra of the first oxidative 
product and synthetic 2-OHN and 6-OHN. A, first oxidative 
product (12.4 uwg.); B, synthetic 6-OHN (10.4 ug.); C, synthetic 
2-OHN (12.2 uwg.). The absorption spectra was made in 0.1 N 
HCl. 
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myosmine. Preliminary evidence indicates that strain P-34 
further degrades 6-OHN by a dehydrogenation of the pyr- 
rolidine ring to yield 6-hydroxy-N-methylmyosmine, the meth- 
ylated analogue of 6-hydroxymyosmine. Thus P-34, unlike the 
organisms studied by Wada, appears to degrade nicotine by a 
pathway similar to the pathway of nornicotine degradation 
suggested by Wada. 

The degradation of nicotine by Corynebacterium nicotinovorum 
has been reported to yield N-methyl-2-(3-pyridyl)-l-pyrrollium 
hydroxide and N-methyl-2-(3-pyridyl)-1 ,2-pyrrollium hydroxide 
(11). The reported ultraviolet absorption spectrum of the 
former compound is in remarkable agreement with the spectrum 
exhibited by 6-OHN. The latter compound possesses an 
absorption spectrum essentially the same as the spectrum ex- 
hibited by our reaction mixtures after oxidation of nicotine to 
the 1 wmole of oxygen level. As the proposed products of C. 
nicotinovorum metabolism were not isolated in a state which 
permitted an unequivocal determination of their chemical and 
physical properties, no direct comparison with our product is 
possible. However, the marked similarity of the ultraviolet 
absorption spectra, although not conclusive evidence (12), would 
suggest that a reinvestigation of these compounds would be in 
order to determine whether nicotine degradation by C. nico- 
tinovorum occurs by a pathway similar to that observed in 
strain P-34 or whether a different pathway of nicotine degrada- 
tion does indeed exist. 

By virtue of the requirement for methylene blue, the reac- 
tions leading to the formation of 6-OHN must involve a de- 
hydrogenation step. As the reaction is accompanied by the 
consumption of 0.5 umole of oxygen per umole of nicotine, and 
the product contains 1 gm. atom of oxygen per mole, the product 
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Fig. 4. The infrared spectra of the first oxidative product, synthetic 2-OHN, and synthetic 6-OHN. 


nicotine, the demethylated analogue of nicotine. However, the 
metabolism of this compound was initiated by a hydroxylation 
reaction at the 6 position of the pyridine ring followed by a 
dehydrogenation of the pyrrolidine ring to yield 6-hydroxy- 


oxygen must have its origin in water oxygen rather than moleec- 
ular oxygen. Thus the over-all reaction can be conceived as 
being the sum of 2 reactions: one involving the addition of 
oxygen, the other the dehydrogenation step. 
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TaBLeE III 
Oxidation of synthetic 6-OHN by cell-free extracts 
Experimental conditions: 19.3 uwmoles of synthetic 6-OHN, 
12 umoles of biological product, 50 umoles of potassium phosphate 
buffer, pH 7, 0.5 ml. of crude extract, 4.2 mg. of 40 to 60 fraction. 
Total volume 2.0 ml., gas phase air 30°. 


uMoles of oxygen per umole of substrate 
Extract 
Synthetic 6-OHN Biological product 
Crude* 0.56 0.5 
40 to 60T 0.27 0.5 


* uMoles oxygen per umole nicotine to the first rate change. 
T «Moles oxygen per umole of 6-OHN at the cessation of oxida- 


tion. 
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Fic. 5. The proposed pathway for the formation of 6-OHN 


from nicotine. 
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Since carbon-6 of the pyridine ring is a center of low electron 
density (13), it would be expected to be subject to nucleophilic 
attack. If the nucleophilic reagent is conceived as_ being 
hydroxyl ion, the primary reaction in the conversion of nicotine 
(1) to 6-OHN (JV) could proceed through a pseudobase (J//) 
via a resonance hybrid of nicotine (JJ) in which carbon-6 is a 
center of low electron density. The addition of the elements of 
water to JJ would lead to JI] and a dehydrogenation of JI] 
would yield either JV or its pyridone tautomer (V) (Fig. 5). 

A mechanism of this type would be a departure from the 
classical mechanism of hydroxylation in which molecular oxygen 
is the source of the hydroxyl oxygen found in the product (14). 
However, it may be that the hydroxylation of the pyridine ring 
is unique among hydroxylation reactions, for in the bacteria] 
oxidation of nicotinic acid, leading to the formation of 6-hy- 
droxynicotinic acid (15-17), the oxygen of the hydroxyl group 
has its origin in water oxygen and not molecular oxygen (15, 18). 


SUMMARY 


A compound, isolated from enzymatic reaction mixtures and 
from the growth medium, was shown to be the first oxidative 
product of nicotine degradation by a soil bacterium. This 
compound was identified as (1)-6-hydroxynicotine on the basis 
of its correspondence in properties, including infrared spectrum, 
with synthetic 6-hydroxynicotine. 

A tentative reaction mechanism has been proposed in which 
the first step is the formation of a pseudobase by the addition 
of water across carbon-6 and the nitrogen of the pyridine moiety 
of nicotine, followed by the oxidation of the pseudo-base to 
(1)-6-hydroxynicotine, or its pyridone tautomer, by a methylene 
blue-dependent step. 

Acknowledgment—The authors are grateful to Dr. Jerome A. 


Berson, Department of Chemistry, University of Southern 
California, for his advice in the field of heterocyclic chemistry. 
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Protein-bound Thioctie Acid* 
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Removal of thioctic acid from enzyme proteins may be ac- 
complished by treatment of crude tissue or cell extracts with 
adsorption alumina (1). This procedure lowers the thioctic 
acid content of a-keto acid oxidases in cell-free extracts of 
Tetrahymena (2). King et al. (3) have also used the procedure 
to reduce the thioctic acid content of extracts of Acetobacter 
suborydans. The effectiveness of the procedure is dependent 
(4) upon the presence in crude extracts of an enzyme which 
releases protein-bound thioctic acid; the liberated cofactor is 
then adsorbed on the alumina. Crude preparations of this 
enzyme have been obtained by a single ammonium sulfate 
fractionation of pigeon liver acetone powder (1, 4). Reed (5) 
recently reported a “‘lipoyl-x hydrolase” in Streptococcus faecalis; 
this is apparently the enzyme responsible for that decrease in 
thioctic acid content of crude extracts of this organism which is 
achieved by alumina treatment (1). 

The present report describes a procedure for purification of 
an enzyme from baker’s yeast which liberates protein-bound 
thioctic acid. 


EXPERIMENTAL 


Assay Method 


The assay is based upon the decrease in activity of a-keto- 
butyrate oxidase which occurs upon removal of enzyme-bound 
thioctic acid. The activity of this oxidase is dependent upon 
bound thioctie acid (6). A decrease in thioctic acid content 
of the oxidase is brought about by the yeast enzyme in the 
presence of adsorption alumina. 

Preparation and Standardization of Substrate—Thioctic acid- 
activated a-ketobutyrate oxidase is prepared from extracts 
of S. faecalis 1001. Cells are grown in 20-gallon carboys con- 
taining 15 1. of the thioctic acid-deficient medium described by 
Gunsalus et al. (7), and, after incubation for 18 hours at 28°, 
are harvested by passage through a Sharples supercentrifuge 
at 4°. The cells are washed twice in cold 0.033 mM phosphate 
buffer at pH 7.0, and are then treated in a Raytheon 10 ke. 
sonic oscillator as described by Leach et al. (6). 

l-ml. samples of the extract are incubated for 30 minutes 
at 30° with amounts of thioctic acid ranging from 1 to 10 ug. 
(6). After dialysis overnight against 0.02 m phosphate buffer, 
pH 7.0, the a-ketobutyrate oxidase activity of each sample is 
assaved by measuring the amount of propiony! phosphate formed 
by dismutation. The incubation mixture contains 100 umoles 


* This investigation was aided by a grant (A-1304) from the 
National Institute of Arthritis and Metabolic Diseases of the 
United States Publie Health Service. 
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of potassium phosphate buffer, pH 7.0, 50 umoles of potassium 
a-ketobutyrate, 0.2 uwmoles of diphosphothiamin, 6.0 umoles 
of glutathione, and 4.0 umoles of magnesium chloride, in a total 
volume of 1.0 ml. The incubation time is 30 minutes at 30°, 
and propionyl phosphate is measured by the hydroxamic acid 
method (8). A portion of each sample is autoclaved in 6 N 
sulfuric acid for 2 hours, and the thioctic acid content is assayed 
as pyruvate oxidation factor with deficient cells of S. faecalis 
(7); cells stored at —15° for several months (9) were routinely 
used for this assay. A calibration curve is thus constructed 
which correlates dismutation activity with the amount of bound 
thioctic acid. Activated extracts which contain 0.50 to 0.85 
ug. of bound thioctic acid per ml. and which form 25 to 40 
umoles of propionyl phosphate per ml. in 30 minutes are 
suitable for substrate material. 

After standardization of the extract, it is convenient to prepare 
large amounts of thioctic acid-activated oxidase by incubating 
larger volumes of extract with proportionate amounts of thioctie 
acid. The thioctic acid-activated oxidase is stable for several 
months at —15°. 

Assay Procedure—A suitable volume of the yeast enzyme 
preparation to be assayed, usually between 0.05 and 0.80 ml., 
is added to a conical glass centrifuge tube containing 0.1 ml. 
of thioctic acid-activated S. faecalis extract, and the volume is 
brought to 1.0 ml. by the addition of 0.05 m Tris! buffer, pH 7.0. 

Large mesh (80 to 200) adsorption alumina of a Brockmann 
characterization of II (1) is added in the amount of 300 mg. 
for each milligram of protein contained in the S. faecalis extract. 
The mixture is brought to 25° and is rapidly stirred for 3 minutes. 
The centrifuge tube is placed in an ice bath, the alumina rapidly 
settles, and the supernatant fluid is pipetted off and centrifuged 
at 2000 X g for 15 minutes at 4°. 

A 0.5 ml.-aliquot of the resultant supernatant fluid is added 
to a test tube which contains in a volume of 0.5 ml. the compo- 
nents of the incubation mixture used for standardization of the 
substrate. As a control, 0.05 ml. of untreated S. faecalis 
extract and half the volume of veast enzyme preparation and of 
Tris buffer, which were added to the centrifuge tube for alumina 
treatment, are added to a second tube containing 0.5 ml. of 
incubation mixture. After 30 minutes at 30°, the formation 
of propiony! phosphate by both samples is measured. 

The difference in the amount of propiony! phosphate formed 
by the control and by the alumina-treated extract is taken as a 
measure of the amount of bound thioctic acid liberated by the 


1 The abbreviations used are: Tris, tris(hydroxymethyl)amino- 
methane; and Pj, phosphate. 
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yeast enzyme. This decrease, after correction for dilution 
during assay, is then related to the amount of thioctic acid 
removed by reference to the substrate standardization curve. 

Specific Activity and Units—1 unit of activity is that amount 
which removes 1 mug. of bound thioctic acid from an extract 
of S. faecalis under the conditions of the assay. Specific activity 
is expressed as units per mg. of protein of yeast enzyme. Protein 
was measured by the method of Warburg and Christian (10). 


Purification of Yeast Enzyme 


400 gm. of baker’s yeast are mixed to a paste with 400 ml. 
of cold 0.01 m dipotassium phosphate. Unless stated otherwise, 
all operations are carried out at 5°. The mixture is treated 
in a Raytheon 10 ke. sonic oscillator for 40 minutes and is then 
centrifuged at 10,000 X g for 30 minutes. The supernatant 
fluid is filtered through glass wool to remove particles. 

Nucleic acids are removed from the crude extract by adding 
slowly, with stirring, 22 ml. of 2 per cent protamine sulfate for 
each 100 ml. of extract. The material is stirred for 5 minutes 


TABLE I 
Purification of yeast enzyme 


Liberation of Protein-bound Thioctic Acid 


Fraction | | | 

ml. mg. 
Protamine supernatant.....| 700 6,300 | 25,830 4.1 
Ammonium sulfate II....... 53 901 9,460; 10.5 


O 


O) 


Radioactivity of enzyme(mc.X10°) 


Time of alumina treatment (min.) 


Fic. 1. Time course of release of protein-bound thioctic acid. 
In Curves A and B, 100 and 190 units of yeast enzyme, respectively, 
were used; the substrate was 0.8 ml. of tritium-labeled thioctic 
acid-activated a-ketobutyrate oxidase containing 603 myg. of 
bound thioctic acid. In Curve C, 0.4 ml. of the same substrate 
was used with 400 units of yeast enzyme. The veast enzyme had 
a specific activity of 50.6. 
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after the addition is completed, and the resulting precipitate is 
removed by centrifugation at 10,000 < g for 5 minutes. An 
additional 48 ml. of 2 per cent protamine sulfate are added for 
each 100 ml. of the resulting supernatant fluid, and the mixture 
is again clarified by centrifugation. 

Powdered ammonium sulfate (39 gm./100 ml.) is added 
slowly, with stirring, to bring the extract to 0.63 saturation? 
After removal of the precipitate by centrifugation at 12,000 x 
g for 20 minutes, the supernatant fluid is brought to full satura- 
tion by further addition of 44 gm. of solid ammonium sulfate 
per 100 ml. The precipitate collected by centrifugation at 
12,000 X g for 20 minutes is dissolved in a minimal amount of 
0.02 m Tris buffer, pH 7.6, containing 0.001 Mm cysteine hydro- 
chloride (Tris-cysteine buffer) and is dialyzed overnight against 
a solution of the same mixture. Any precipitate which forms is 
centrifuged off, and the extract is diluted with water to a protein 
concentration of 3 mg. per ml. The diluted extract is brought 
to 0.63 saturation by the slow addition of solid ammonium 
sulfate. After centrifugation at 12,000 < g for 20 minutes the 
supernatant fluid is brought to 0.79 saturation by the further 
addition of 10.3 gm. of solid ammonium sulfate per 100 ml. 
The precipitate collected by centrifugation as above is dissolved 
in a minimal amount of Tris-cysteine buffer and is dialyzed 
overnight against a solution of this buffer. 

If necessary, the dialyzed solution is clarified by centrifuga- 
tion at 10,000 xX g for 20 minutes and is then diluted with 
the buffer to a protein concentration of 5 mg. per ml. Ethanol 
(33 ml. per 50 ml. of enzyme solution) at —15° is added slowly, 
with stirring. During the addition, the temperature of the 
enzyme solution is reduced gradually and is maintained at — 15”. 
The precipitate is removed by centrifugation at —15° for 20 
minutes at 10,000 x g, and an additional 74 ml. of cold ethanol 
are slowly added to each 50 ml. of supernatant fluid. The 
precipitate is recovered by centrifugation at 10,000 X g for 20 
minutes at —15° and is dissolved in a minimal amount of the 
Tris-cysteine buffer. After dialysis overnight against a solution 
of this buffer, the protein concentration is adjusted to 5 mg. 
per ml. with the buffer, and 40 ml. of ethanol at — 15° are added 
to each 50 ml. as described. After removal of the resulting 
precipitation by centrifugation at 10,000 x g for 15 minutes 
at —15°, 50 ml. of ethanol are added for each 50 ml. of super- 
natant fluid. The precipitate collected by centrifugation as 
before is dissolved in the Tris-cysteine buffer and is dialyzed 
overnight against a solution of the same buffer. 

Partial purification of the enzyme is summarized in Table I. 


Properties of the Purtfied Enzyme 


Stability of Enzyme—The purified enzyme is stable to freezing 
and has been stored at —15° for periods of as long as 13 months 
without significant loss of activity. 20 per cent of the activity 
is lost after storage for 2 weeks at 4°. Activity is completely 
destroyed by heating for 5 minutes at 58°. 

Time Course of Reaction—The time course of the reaction is 
followed by withdrawing samples from alumina treatment after 
various intervals. In these experiments, the substrate (thioctic 
acid-activated a-ketobutyrate oxidase) was prepared in the usual 
manner described, but thioctic acid labeled with tritium*® was 


2 The equation of Kunitz (11), modified to apply at 0°, was used 
in calculating percentage saturation of ammonium sulfate. 
3 Thioctic acid was supplied by Dr. E. L. R. Stokstad. The 
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Fig. 2. Effect of enzyme concentration on removal of protein- 
bound thioctie acid. The substrate was 0.8 ml. of tritium-labeled 
thioctic acid-activated a-ketobutyrate oxidase containing 603 
mug. of bound thioctic acid. The substrate was treated by 
alumina for 3 minutes with various amounts of purified yeast 
enzyme of specific activity 58.6. 


used as activator. After withdrawal from the incubation 
mixture, alumina was removed by centrifugation at 4° and the 
supernatant fluid was treated with an equal volume of cold 
10 per cent trichloroacetic acid. The precipitate collected by 
centrifugation was dissolved in 12 N sulfuric acid and autoclaved 
for 2 hours to liberate protein-bound thioctic acid. After 
clarification by centrifugation, samples were analyzed for 
tritium. 

Fig. 1 shows that the rate of removal of protein-bound thioctic 
is linear until approximately half the amount of bound thioctic 
acid has been removed. The reaction becomes complete when 
approximately two-thirds of the bound thioctic acid has been 
removed. This is not due to saturation of the adsorption 
alumina with the vitamin, since replacement with fresh alumina 
does not result in removal of additional cofactor. 

Effect of Enzyme Concentration—Fig. 2 shows that within the 
rather wide limits examined, the rate of removal of bound 
thioctic acid is proportional to the amount of yeast enzyme 
added. These experiments were performed with tritium- 
labeled thioctic acid-activated a-ketobutyrate oxidase in the 
same manner as described above. In contrast to extracts 
prepared by grinding S. faecalis grown in complete medium with 
aluminum (cf. (1)), extracts prepared by sonic oscillation of 
cells grown in thioctic acid-deficient medium do not contain 
the activity which liberates protein-bound thioctic acid. Thus, 
as illustrated in the figure, bound thioctic acid is not liberated 
by alumina treatment of substrate in the absence of yeast enzyme. 


vitamin was labeled with tritium by New England Nuclear 
Corporation. Analyses of tritium-labeled samples were carried 
out by Tracerlab. Ine. 3 
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Actwity for Other Thioctic Acid-containing Substrates—Table 
II shows that the purified yeast enzyme is also capable of remov- 
ing bound thioctic acid from purified animal a-keto acid oxidases. 

These experiments were carried out essentially as was the 
construction of the calibration curve for standardization of 
substrate, except that pyruvic oxidase prepared from pig heart 
muscle (12) and a-ketoglutaric oxidase prepared from pigeon 
breast muscle (13) served as substrate for the purified yeast 
enzyme. Thioctic acid content of the enzymes was meas- 
ured before and after alumina treatment with the yeast enzyme; 
the assays for pyruvate oxidation factor (7) were carried out 
after hydrolysis of the animal enzymes with 6 N sulfuric acid. 

Pyruvic oxidase activity was measured by following the dis- 
mutation of pyruvate in accordance with Reaction 4, which is 
the sum of Reactions 1 to 3. Phosphotransacetylase and lactic 


Pyruvate + DPN+ + CoA 
pyruvic oxidase (1) 
acetyl CoA + Ht + CO, +DPNH 
Acetyl CoA + P; < : 
phosphotransacetylase (2) 
acetyl Pj; + CoA 
Pyruvate + DPNH + H* = socioene 
lactic dehydrogenase (3) 
lactate + DPN* 
Sum: 2 pyruvate + P, acetyl Pi + lactate + CO, (4) 


dehydrogenase were supplied as a dialyzed extract of S. faecalis 
prepared by sonic oscillation of cells grown in thioctic-deficient 


TABLE II 


Removal of thioctic acid from purified animal 
a-keto acid oxidases 


Incubation mixtures for assay of pyruvic oxidase contained 
50 umoles of phosphate buffer, pH 7.4, 2.4 umoles of magnesium 
chloride, 11 uwmoles of glutathione, 0.15 wmoles of DPN*, 0.47 
umoles of diphosphothiamin, 0.1 wmoles of CoA, 50 umoles of 
sodium pyruvate, 0.26 mg. of protein of S. faecalis extract, and 
0.73 mg. of protein of pyruvic oxidase of specific activity 42, in a 
total volume of 1.0 ml. The incubations were at 38° for 60 minutes 
under nitrogen. 

The mixtures for a-ketoglutaric oxidase assays contained 
0.1 umoles of CoA, 51 umoles of glutathione, 0.50 umoles of DPN*, 
100 umoles of glycylglycine buffer, pH 7.2, 0.10 mg. of protein of 
a-ketoglutaric oxidase of specific activity 66, 6 umoles of sodium 
a-ketoglutarate, and 0.7 mg. of protein of succinyl CoA deacylase 
of specific activity 106, in a total volume of 3.0 ml. Enzyme 
treatment and activities of the a-keto acid oxidases are as de- 
scribed in the text. 


Total 
Enzyme additions Treatment — pee 
content 
Pyruvic oxidase................. None 412 3.7 
Pyruvic oxidase + 300 units of 
Alumina 147 0.7 
a-Ketoglutaric oxidase. .......... None 61 6.9 
a-Ketoglutaric oxidase + 62 units 
of yeast enzyme................ Alumina 14 0.2 
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medium; these extracts do not oxidize pyruvate. Acetyl phos- 
phate was measured by the hydroxamic acid method (8). Con- 
ditions of the assay are indicated in the legend of Table II; 
activity is expressed as micromoles of acetyl P; formed per 
hour. 

a-Ketoglutaric oxidase activity was measured by following 
the reduction of DPN* in a Beckman model DU spectrophotom- 
eter at a wave length of 340 my (Reaction 5). CoA was re- 
generated (Reaction 6) by succinyl CoA deacylase prepared 
from heart muscle (14). The over-all reaction is as indicated 
in Reaction 7. Conditions of assay are indicated in the legend 
of Table II; activity is expressed as micromoles of substrate 


» 


a-Ketoglutarate + DPN* + CoA 
a-ketoglutaric 


oxidase (5) 
succinyl] CoA + H* + DPNH + COz 
Succiny] CoA TZ succinate + CoA 
succinyl CoA (6) 
deacylase 
Sum: a-ketoglutarate DPN* CoA = pa 
7 


succinate + H* + DPNH + CO, 


utilized per hour, based on the initial 30-second change in optical 
density with the use of the value of 6.22 K 10° cm. per mole of 
DPNH (15). 

Although the activity of the animal a-keto acid oxidases is 
decreased by removal of protein-bound thioctic acid, subsequent 
addition of free thioctic acid does not result in reactivation. 
The addition of adenosine triphosphate to mixtures during 


Liberation of Protein-bound Thioctic Acid 


Vol. 234, No. 1 


attempted reactivation is without effect. The yeast enzyme 
and these a-keto acid oxidases apparently do not contain the 
enzymes necessary for the activation of thioctic acid or for the 
transfer of the activated cofactor to protein, or for both (5), 

Additional Enzymatic Activities of Purified Enzyme—Since 
thioctic acid may be bound to enzyme protein through its car- 
boxy] group to form a peptide linkage, purified yeast enzyme 
was assayed for ability to hydrolyze various protein and peptide 
substrates in order to ascertain if the activity is specific for pro- 
tein-bound thioctic acid. Although prolidase, aminopeptidase, 
and carboxypeptidase activities are present in low amounts, 
no increase in specific activities occurred during the purification 
procedure; these activities were assayed as described in the 
treatise edited by Colowick and Kaplan (16) using glycyl-1- 
proline (kindly provided by Dr. Emil L. Smith), glyevlglycyl- 
glycine, and chloracetyl-pL-phenylalanine, respectively as sub- 
strates. No significant amounts of the following activities 
were observed: prolinase assayed with L-prolylglycine (provided 
by Dr. Emil L. Smith), carnosinase, glycyl-L-leucine dipeptidase, 
glycylglvcyl dipeptidase, chymotrypsin assayed with L-tyrosine 
ethyl ester, acylase assayed with chloroacetyldihydroalanine, 
trypsin with benzoyl-L-arginine ethyl ester (kindly supplied by 
Dr. Hans Neurath), or cathepsin C assayed with glycyl-t- 
phenylalaninamide. 


SUMMARY 


An enzyme which liberates protein-bound thioctic acid has 
been purified 45-fold from baker’s yeast. 
Addendum—Since this manuscript was submitted for publica- 


tion, Reed et al. (17) have reported a 6-fold purification of lipoyl-x | 


hydrolase from a fraction prepared by protamine sulfate treat- 
ment of an extract of S. faecalis. This enzyme is apparently 
similar to the enzyme from veast. 


REFERENCES 


1. Seaman, G. R., AND NascuHKE, M. D., J. Biol. Chem., 213, 
705 (1955). 

2. Seaman, G. R., Proc. Soc. Exptl. Biol. Med., 82, 184 (1953). 

3. Kine, T. E., Kawasaki, E. H., ann CHELDELIN, V. H., J. 
Bacteriol., 72, 418 (1956). 

4. Seaman, G. R., J. Am. Chem. Soc., 76, 1712 (1954). 

5. Reep, L. J., Abstracts of papers of the 133rd meeting of the 
American Chemical Society, American Chemical Society, 
Washington, 1958. 

6. Leacu, F. R., Yasunosu, K., anp REED, L. J., Biochim. et 
Biophys. Acta, 18, 297 (1955). 

7. Gunsatus, I. C., Dotin, M. I., anp Srrvueuia, L., J. Biol. 

Chem., 194, 849 (1952). 
. LIpMANN, F., Kiern, H. P., J. Biol. Chem., 203, 101 (1953). 
. StoxstapD, E. L., SEaMAN, G. R., Davis, R. J., AnD HUTNER, 
H. P., Methods of Biochem. Anal., 3, 23 (1956). 


oo 


10. WARBURG, O., AND CHRISTIAN, W., Biochem. Z., 310, 384 (1941). 

11. Kunitz, M., J. Gen. Physiol., 35, 425 (1952). 

12. JAGANNATHAN, V., AND ScHwEeET, R.S., J. Biol. Chem., 196, 
551 (1952). 

13° Sanapi, D. R., anp LirrLerietp, J. W., J. Biol. Chem., 197, 
851 (1952). 

14. GerGELY, J., HELE, P., AND RAMAKRISHNAN, C. V., J. Biol. 
Chem., 198, 323 (1952). 

15. Horecker, B. L., anp Kornspera, A., J. Biol. Chem., 175, 
385 (1948). 

16. CoLowick, 8S. P., AND Kaptan, N. O. (Editors), Methods in 
enzymology, Vol. III, Academic Press, Inc., New York, 1957. 

17. Reep, L. J., Koike, M., Levitcu, M. E., anp Leacu, F. R., 
J. Biol. Chem., 232, 143 (1958). 


| 

I 
( 
t 
t 
t; 
(; 
ti 


Studies of Tissue Permeability 


IV. THE DISTRIBUTION OF GLUCOSE BETWEEN PLASMA AND MUSCLE* 
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Recent studies have focused attention on the process of sugar 
entry into the muscle cell as a possible point of regulatory control 
of carbohydrate metabolism. In previous reports the penetra- 
tion of a variety of nonmetabolizable sugars into mammalian 
muscle has been characterized and the responsiveness of these 
sugars to insulin and muscle work has been confirmed (1, 2). 
However, the fact that these sugars are poorly metabolized 
limits their usefulness in clarifying the interrelationship between 
penetration and utilization. Such information is required in 
order to support the concept that glucose entry is a rate-limiting 
process and the site of insulin action. 

Since the rates of penetration and utilization of glucose in 
muscle cannot be determined separately with present tech- 
niques, another experimental approach was used. The distri- 
bution of free glucose between the extracellular and intra- 
cellular tissue water reflects the balance between the rates of 
penetration and utilization. Measurements of this distribution 
were carried out under a variety of experimental conditions. 
Experiments reported in this paper indicate that the processes 
of penetration and utilization, although intimately geared, can 
be dissociated under certain physiological conditions so that 
free glucose is accumulated inside the muscle cell. 


EXPERIMENTAL 


Male rats of the Sprague-Dawley strain, weighing 250 to 400 
gm., were used in all experiments. Alloxan diabetes was pro- 
duced as previously described (2). Bilateral adrenalectomy was 
performed 30 to 60 minutes before the experimental period 
through a dorsal incision; Amytal or ether anesthesia was used. 

The results obtained from independently performed experi- 
ments with rat diaphragm (D. K.) and gastrocnemius muscle 
(E. H.) were combined for the present report. The basic pro- 
cedure used in both groups of experiments was the same, namely, 
the nearly simultaneous procurement of blood and muscle 
samples for the determination of glucose distribution in the 
tissue. Animals were anesthetized by the intraperitoneal 
injection of Amytal. Blood was withdrawn from the inferior 
vena cava with a heparinized syringe and the plasma was ob- 
tained by centrifugation at 4°. A protein-free filtrate was 
prepared by precipitating the plasma with barium hydroxide and 
zine sulfate. 

Muscle contractions and anoxemia during excision of muscle 
cause rapid glycogenolysis and increased amylo-1 ,6-glucosidase 


* This investigation was supported in part by a research grant 
(A-1984) from the United States Public Health Service. 

t John and Mary Markle Scholar in Medical Science Founda- 
tion. 


activity which result in an increase of hexose monophosphate 
and glucose within the intracellular water. These artifacts 
can be minimized by the immediate fixation of muscle, which was 
accomplished by the procedures described below. The dia- 
phragm was exposed, under Amytal anesthesia, by incisions 
extending from the xiphoid to the pubis and laterally along the 
costal margins. After a blood sample was obtained, a pneumo- 
thorax was established by a transverse incision through the 
sternum. The diaphragm was frozen in situ within seconds by 
directing onto its ventral surface an ethy] chloride spray along 
with air from a small fan. The muscle was excised while frozen, 
weighed, and immediately ground with sand in barium hydroxide 
solution. Zine sulfate reagent was added to obtain a protein- 
free filtrate. 

In order to facilitate rapid removal of the gastrocnemius, it was 
freed by blunt dissection at the beginning of the experimental 
period and the skin was closed with sutures. Under these condi- 
tions, the gastrocnemius could be rapidly excised from its inser- 
tions with only one resultant twitch. Because of the thickness 
of the muscle, fixation by freezing was not satisfactory. Rapid 
fixation was obtained by immersing and then homogenizing the 
muscle in ice-cold 2.5 per cent HgCl. in 0.6 Nn HCl. The final 
protein- and mercury-free filtrate (approximately 0.7 nN in HCl) 
was heated at 100° for 10 minutes in order to hydrolyze the ATP 
present and then it was neutralized. The removal of ATP 
was necessary in order to permit the enzymatic determination 
of glucose and hexose monophosphate in the same filtrate. 

Analytical \lethods—Raffhinose was assayed by the ketose 
method of Roe and Rice (3). Glucose and hexose monophos- 
phate were determined by means of the hexokinase-glucose 
6-phosphate dehydrogenase system. The enzyme preparation 
from yeast, prepared by the method of Glaser! and Brown (4), 
also contained phosphoglucomutase and phosphoglucoisomerase, 
but neither 6-phosphogluconic acid dehydrogenase, glucose 
dehydrogenase, nor phosphomannose isomerase activity could 
be demonstrated. Glucose and glucose-6-phosphate standards 
were run with each series of determinations. The end point was 
reached within 7 minutes and remained constant for at least 10 
minutes. Known quantities of glucose were added to plasma and 
muscle filtrates prepared from rats subjected to a variety of 
hormonal and dietary conditions to test for the presence of 
inhibitors of the enzyme assay system. In all cases, 97 to 102 
per cent recovery was obtained. The acid hydrolysis used in 
preparing the gastrocnemius filtrates results in partial hydrolysis 


1 We wish to thank Dr. Luis Glaser for a generous supply of this 
enzyme preparation. 
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of fructose 1 ,6-diphosphate to fructose 6-phosphate. Since the 
diphosphate ester is not present in appreciable amounts in 
normal muscle, the error introduced by this procedure is small. 

Chemicals—b-Raffinose was obtained from the Pfanstiehl 
Chemical Company, p-glucose from the Mallinckrodt Chemical 
Works, crystalline zinc insulin from Eli Lilly and Company, 
alloxan monohydrate from Eastman Kodak Company, adren- 
aline chloride as a 1:1000 solution from Parke, Davis and 
Company, and TPN and ATP from the Sigma Chemical Com- 
pany. The alloxan monohydrate was recrystallized from boil- 
ing water four times before use. 

Calculations—The concentration of glucose in mg. per 100 ce. 
of plasma water (C,) and per 100 ec. of muscle water (C,,) was 
calculated by assuming a water content of 94 and 76 per cent 
for plasma and muscle (skeletal or diaphragm), respectively. 
Glucose distribution (C,,/C, X 100) represents the percentage of 
muscle water in equilibrium with the glucose of plasma water. 
The distribution of raffinose (C,,/C, xX 100) was used as a 
measure of the extracellular volume. 


RESULTS 


Raffinose Space—This was determined in the nephrectomized 
rat 2 hours after it received an intravenous injection of 100 mg. 
of raffinose per 100 gm. of body weight. Previous average values 
obtained for the gastrocnemius were C, = 564 mg. per 100 cc., 
= 115 mg. per 100 ce., and Cy /C, 100 = 20.4 per cent (1). 
The present values obtained for diaphragm (average of 10 deter- 
minations) were C, = 525 mg. per 100 cc., Cn = 143 mg. per 
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100 ce., and C,,/C, * 100 = 27.3 per cent. It should be noted 
that the extracellular (raffinose) space of diaphragm was greater 
than that of gastrocnemius. The raffinose space did not change 
significantly under the experimental conditions chosen, namely, 
alloxan diabetes, fasting, adrenalectomy, and injection of epi- 
nephrine or insulin. It was assumed that a glucose distribution 
(Cm/C, X 100) greater than the raffinose space indicated intra- 
cellular accumulation, whereas an equal or smaller value indi- 
cated that glucose was present only in the extracellular water. 

Influence of Epinephrine, Insulin, and Muscle Work on Glucose 
Distribution in Nonfasted Rats—The results are shown in Table], 
In previous experiments (5) the distribution of glucose between 
plasma and muscle was determined by a yeast fermentation 
method. These values have been averaged and recalculated 
as mg. per 100 cc. of plasma and muscle water, respectively, and 
have been included in Table I. 

In the nonfasted rat (Columns | and 2), with plasma glucose 
levels ranging from 130 to 180 mg. per 100 cc., free glucose 
inside the muscle cell could not be demonstrated. Injection of 
epinephrine (Columns 3, 4, and 12) caused the appearance of 
free glucose in the intracellular compartment of muscle. This 
was not the result of hyperglycemia per se; when a similar degree 
of hyperglycemia was produced by the injection of glucose 
(Column 5), the distribution of glucose remained extracellular, 

The effect of insulin varied with the degree of hypoglycemia. 
With moderate hypoglycemia (Column 6) the per cent distribu- 
tion of glucose in the extracellular water decreased. With 
severe hypoglycemia (Column 7), which is known to be associated 


TABLE I 


Influence of epinephrine, tnsulin, and muscle work on glucose distribution in 
diaphragm and gastrocnemius of nonfasted rats 


The glucose distribution values (Cm/C, X 100) are to be compared with a raffinose space of 27.3 per cent for diaphragm and of 20.4 


per cent for gastrocnemius. 
experiments is given in parentheses. 


Cm and C, refer to the glucose concentration in muscle and plasma water, respectively. The number of 


: Diaphragm Gastrocnemius 
Column No. Insulint 
Cp Cm Cm/Cp X 100 Cp Cm Cm/Cp X 100 
mg./100 cc. mg./100 cc. % mg./100 ce mg./100 cc. % 

Intact animal 

1 130 (6) 35.4 27.2 163 (10) 25.1 15.4 

2 181 (9) 29.2 16.1§ 

3 + 354 (3) 115.2 32.5 461 (2) 146.4 31.8 

4 + 190 (4) 67.4 35.7§ 

5 288 (5) 43.0 14.94 

6 + 66 (5) | 13.6 20.6 64 (5) 7.9 12.3§ 

7 + 53 (5) 13.8 26.2 

8 + + 248 (3) 133.9 54.0 

9 + 161 (2) 75.1 46.7 
Adrenalectomized animal|| 

10 98 (4) 20.4 20.8 112 (3) 13.2 11.8 

11 + 61 (4) 6.2 10.2 40 (3) 3.1 7.9 

12 + 155 (1) 51.0 32.8 

13 + 131 (2) 14.3 10.9 


* Epinephrine (0.1 to 0.2 mg. per 100 gm. of body weight) was given by subcutaneous injection 30 minutes before the removal of 


blood and muscle specimens. 


+ Insulin (1.0 to 2.0 units per 100 gm. of body weight) was given by intraperitoneal injection 30 minutes before the removal of blood 


and muscle specimens. 


t A muscle weighted with 75 gm. was stimulated for 30 minutes as previously described (1). 

§ Data from previous experiments (5) recalculated as described in the text. 

" Data from previous experiments in which a glucose load was administered (5) recalculated as described in the text. 
|| Bilateral adrenalectomy was performed 30 to 60 minutes before the experimental period. 
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with endogenous discharge of epinephrine, glucose accumulated 
inside the muscle cell. This is in accord with the finding that 
insulin administered simultaneously with epinephrine does not 
counteract the effect of the latter on glucose distribution, but 
rather increases the intracellular accumulation of glucose 
(Column 8). In acutely adrenalectomized rats insulin had only 
one effect even when hypoglycemia was severe and this was a 
depletion of glucose in the extracellular space of muscle? (Column 
11). Muscular activity resulted in an intracellular distribution 
of glucose in the intact animal and a depletion of extracellular 
glucose in the adrenalectomized animal (cf. Columns 9 and 13). 

These results indicate that the discharge of epinephrine which 
may be caused by insulin hypoglycemia, muscular work, and 
other stimuli, is one of the factors responsible for the intracellular 
accumulation of glucose. An interpretation will be given later. 
It may be pointed out that a concomitant effect of epinephrine, 
whether introduced by injection or discharged from the adrenal 
medulla, is an accumulation of hexose monophosphate in muscle 
(6). Previous observations were made with a method based on 
the reducing power and phosphate content of the isolated hexose 
monophosphate fraction, and they have now been confirmed in 
analyses carried out with the more specific glucose-6-phosphate 
dehydrogenase test system. Thus the average concentration of 
hexose monophosphate in the intracellular water of the gastroc- 
nemius was found to be 2 * 107% m. During severe insulin 
hypoglycemia or epinephrine injection values 2 to 4 times higher 
were found. The concentration of hexose monophosphate in 
diaphragm frozen in situ was 2 X 10-4 Mm. The higher basal 
values found in gastrocnemius are probably attributable to the 
unavoidable glycogenolysis occurring during the removal and 
fixation of this muscle. 

Influence of Fasting and Glucose Loading—F asting periods up to 
72 hours did not lead to an intracellular accumulation of glucose 
in the diaphragm (Table II). After 120 hours of fasting there 
was a slight intracellular accumulation of glucose in the dia- 
phragm and in the gastrocnemius (not recorded in this table). 

All further experiments in Table II were carried out on rats 
adrenalectomized 30 to 60 minutes before the experimental 
period in order to eliminate variations in epinephrine secretion 
in response to experimental stimuli. 

In rats fasted for 24 hours and then adrenalectomized, injec- 
tion of insulin gave the same response as in the nonfasted adrenal- 
ectomized rat, namely, a depletion of glucose in the extracellular 
space (cf. Tables I and II). That a metabolic change is never- 
theless produced in muscle by fasting can be shown by injection 
of enough glucose or glucose plus insulin to elevate the plasma 
glucose level.? In the nonfasted rat, a plasma glucose level of 
about 400 mg. per 100 ce. did not lead to an intracellular accumu- 
lation of glucose, even when insulin was administered. After 
rats were fasted for 24 hours, injection of glucose plus insulin 
caused a marked accumulation of glucose inside the muscle cell. 


2 This depletion suggests that under conditions of rapid uptake 
and low plasma glucose levels, the diffusion of glucose in the ex- 
tracellular water from the capillaries to the cell surface may be- 
come rate-limiting. 

3The aim was to administer such doses of glucose that similar 
plasma glucose levels were produced in animals with and without 
the administration of insulin. A period of 20 minutes after the 
glucose injection was chosen for the sampling of blood and muscle, 
because at that time the rate of fall of blood glucose deceases and 
an equilibrium is approached between the glucose concentration 
in plasma and extracellular water of the peripheral tissues. 


D. M. Kipnis, EF. Helmreich, and C. F. Cori 167 


TABLE II 


Influence of fasting and of glucose load on distribution 
of glucose in rat diaphragm 
The glucose distribution values (C,/C, X 100) are to be 
compared with a raffinose space of diaphragm of 27.3 per cent. 
Cm and C, refer to the glucose concentration in muscle and plasma 
water, respectively. The number of experiments is given in 
parentheses. 


Insulin® Cs Cun Cm/ x 
Ars. mg./100 cc. \mg./100 ce. % 
Intact animal | 
24 122 (6) 32.8 26.9 
72 108 (3) 25.5 26.4 
120 | 114 (3) 34.1 29.8 
Adrenalectomized | 
animalft 
24 116 (3) 23.8 20.6 
24 oe 66 (3) 4.4 6.7 
0 + 400 (4) 89.9 22.5 
0 + 389 (4) 108 .0 27.8 
24 + 380 (3) 102.3 26.9 
24 + | + 500 (3) 311.0 60.2 
72 a 225 (3) 77.5 34.2 
72 + | + 239 (3) 112.8 47.2 
96 | + 342 (3) | 177.5 | 51.8 
96 + | + 328 (3) 230.8 70.4 


* Insulin (1.0 to 2.0 units per 100 gm. of body weight) was 
given by intraperitoneal injection 30 minutes before the removal 
of blood and muscle specimens. 

tT Glucose loads varying from 150 to 250 mg. per 100 gm. of body 
weight were introduced by injection into the femoral vein. 20 
minutes later muscle and blood specimens were removed for 
analysis. 

t Bilateral adrenalectomy was performed 30 to 60 minutes be- 
fore the experimental period. 


After the animals were fasted for 72 and 96 hours, injection of 


glucose alone produced this effect, which was reinforced by 
simultaneous administration of insulin. This change appeared 
to be progressive with the length of time of fasting and is attrib- 
uted to a disparity between the rates of penetration and utiliza- 
tion. 

Influence of Alloxan Diabetes—The effects of fasting have often 
been compared to the diabetic state and, as shown in Table III, 
there is a similarity in the results obtained with alloxan-diabetic 
animals and with animals fasted for a long period. 

Animals with severe diabetes, as indicated by their high plasma 
glucose levels after 24 hours of fasting, were chosen for the 
experiments recorded in Table III. The percentage of distribu- 
tion of glucose in diaphragm and gastrocnemius was the same or 
slightly larger than the raffinose space, that is, in spite of the 
very high plasma glucose levels, the distribution of glucose in 
muscle of untreated diabetic rats was largely extracellular. 

Administration of insulin to the diabetic rat (fed, fasted, or 
adrenalectomized) resulted in a marked accumulation of intra- 
cellular glucose (Table III). This is comparable to the results 
obtained with rats given a glucose load plus insulin after a 
prolonged fast, but is in contrast to the results obtained with 
nonfasted rats with similar loads of glucose and insulin. It 
seems probable that a disparity arises between the rates of 
glucose penetration and utilization because of a diminished 
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TABLE III 
Glucose distribution in diaphragm and gastrocnemius of alloran-diabetic rats 


The glucose distribution values (Ca/Cp X 100) are to be compared with a raffinose space of 27.3 per cent for diaphragm and of 20.4 


per cent for gastrocnemius. 
experiments is given in parentheses. 


C,, and C, refer to the glucose concentration in muscle and plasma water, respectively. The number of 


| Diaphragm Gastrocnemius 
a Other experimental procedures | | 
| Cp | Cm Cm/Cp X 100 | Cp Cm Cm/Cp X 100 
hrs. | mg./100 cc. | meg./100 cc % | mg./100 cc. meg./100 cc. % 
0 | | 642 (5) 145 22.5 
0 Insulin* | 750 (3) | 321 42.8 461 (1) 204 44.2 
24 | 568 (5) | 154 | 27.1 | 
24 Insulin* | $40 (4) | 158 | 46.5 | 
24 AdrenalectomytT | 610 (3) 144 28.4 | 
0 AdrenalectomyT + insu- | 315 (3) | 138 43.8 | | 
lin* | | | | 
0 Muscle workt | | 674 332 49.3 
0 Adrenalectomy?t + mus- | | 592 (2) | 195 33 
cle workt | | | ‘ 
0 Epinephrine$ 650 (2) 303 46.6 


* Insulin (1.0 to 2.0 units per 100 gm. of body weight) was given by intraperitoneal injection 30 minutes before the removal of 


blood and muscle specimens. 


+ Bilateral adrenalectomy performed 30 to 60 minutes before the experimental period. 
t The gastrocnemius was weighted with 75 gm. and stimulated for 30 minutes as previously described (1). 
§ Epinephrine (0.1 to 0.2 mg. per 100 gm. of body weight) was given by subcutaneous injection 30 minutes before the removal of 


blood and muscle specimens. 


TABLE IV 


Influence of temperature on glucose distribution 
in gastrocnemius of fed rats 


The glucose distribution values (Cm/Cp, X 100) are to be com- 
pared with a raffinose space of 20.4 per cent for the muscle kept 
at 37° and of 19.5 per cent for the muscle kept at 25°. Cy, and C, 
refer to the glucose concentration in muscle and plasma water, 


respectively. The number of experiments is given in paren- 

theses. 

Type of animal | 

| 37° 25° 

| % % 
1 Intact | 15.4 (10) | 20.4 (2) 
2 Intact Fasted 72 hours ! 21.2 (5) | 20.3 (A) 
3. Intact Insulin* | 26.2 (5) 40.9 (2) 
Intact Muscle work? 46.7 (2) 58.3 (2) 
5 Adrenalectomizedt Insulin* | 7.9 (3) 16.5 (1) 
6  Adrenalectomized Muscle workt | 10.9 (2) 34.4 (2) 

| 

7 Diabetic 22.5 (5) | 24.0 (5) 
S Diabetic Insulin | 44.2 (1) | 41.2 (1) 


4% Diabetic Muscle workt | 49.3 (2) | 46.1 (1) 


* Insulin (1.0 to 2.0 units per 100 gm. of body weight) was 
given by intraperitoneal injection 30 minutes before the removal 
of muscle and blood specimens. 

Tt Both gastrocnemius muscles were stimulated for 30 minutes; 
one muscle was then cooled to 25° and kept at that temperature 
for 15 minutes, at which time both muscles were removed. 

t Bilateral adrenalectomy was performed 30 to 60 minutes be- 
fore the experimental period. 


capacity of muscle of fasted and of diabetic animals to metabolize 
glucose. Indeed, Krahl and Cori (7) have shown that the 
glucose uptake of diaphragm of diabetic rats was less than one- 
half that of normal rats. Addition of insulin increased the 
rate of glucose uptake by diabetic muscle but did not restore the 
rate to normal. 

The effect of epinephrine injection on intracellular distribution 
of glucose is the same in diabetic as in normal animals (Table III). 
Muscular activity, on the other hand, results in effects different 
from those observed in the nondiabetic animal when concomitant 
epinephrine secretion is prevented by adrenalectomy. In 
Table I (Column 13) it can be seen that muscle work resulted in 
a dépletion of glucose in the extracellular space of normal muscle, 
whereas there was an accumulation of intracellular glucose in 
diabetic muscle (Table III). It would appear, therefore, that 
muscular activity is another physiological stimulus capable of 
accentuating the disparity between the rates of glucose entry and 
utilization in diabetic muscle. 

Influence of Temperature—The influence of temperature on 
glucose distribution is shown in Table IV. One gastrocnemius 
muscle was cooled by means of a technique previously described 
(1) and was kept at 25° + 2° for 15 minutes. Actually the 
cooling period was somewhat longer, since 5 to 10 minutes 
elapsed before the muscle had been cooled to the desired tempera- 
ture. The raffinose space of the cooled muscle did not differ 
significantly from that of the control muscle. 

Cooling did not influence the glucose distribution in the muscle 
of either alloxan-diabetic animals or animals fasted for 72 hours 
(Columns 2 and 7). Also there was no effect of cooling when the 
diabetic animals were given injections of insulin or when the 
gastrocnemius was stimulated (Columns 8 and 9). In nonfasted 
normal or adrenalectomized animals, after insulin injection or 
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TABLE V 
Summary of results on distribution of free glucose in muscle 


A zero sign indicates that glucose distribution is extracellular; a plus sign indicates that glucose is present in the intracellular com- 
partment of muscle. Bilateral adrenalectomy was performed 30 to 60 minutes before the experimental period. 


| Muscle cooled to 25° 
| Epineph- | Stimula- ; 
Type of animal Insulin | load plus | Stimula- 
| insulin nemius Insulin | 
nemius 
0 0 Oor+ + + | + 0 + + 
Adrenalectomized (fed).................... 0 0 0 0 aa | 0 0 0 + 
Adrenalectomized (24 hours fasting)........ 0 0 0 ~ + | 
Adrenalectomized (72 to 96 hours fasting)... 0* +- + | Be soe | 
Diabetic (adrenalectomized). ............... 0 | | 


* Also applies to intact animals fasted for 72 hours. 


muscular work, the cooled muscle showed a greater per cent 
distribution of glucose than the control muscle (Columns 3 to 6). 

It is apparent from the experiments recorded in Table IV that 
an effect of cooling is seen only under conditions in which the 
rates of penetration and utilization of glucose are high. The 
Qio of penetration of glucose into muscle in vitro was found to be 
approximately 2.0, whereas that of glucose utilization was 
approximately 2.5.4 Consequently, cooling will have relatively 
more effect on the rate of utilization than of penetration, and 
the more rapid the two processes are, the greater will become the 
disparity between the two rates on cooling. Since the experi- 
ments with stimulated muscle on intact animals are complicated 
by the discharge of epinephrine, the significant comparisons are 


those on the adrenalectomized animals. Thus the difference in — 


percentage of glucose distribution between the muscle kept at 
37° and the cooled muscle was 8.6 for the animals given insulin 
and 23.5 for the pair of muscles that had been stimulated for 30 
minutes. For the intact animal given insulin the difference 
was 14.7. It has been shown previously that muscle work 
has a stronger effect on the rate of penetration of pentoses into 
muscle than does the injection of insulin. It was estimated 
that the rate may be increased 10-fold by stimulation (1). 
Cooling of the gastrocnemius after insulin injection or after 
stimulation decreased the rate of penetration of the pentoses, 
an effect indicating that these processes are temperature-depend- 
ent with a Qi of approximately 2. The experiments in Table 
IV show that cooling is another method by which the inte- 
grated rates of penetration and utilization may be disturbed. 


DISCUSSION 


The following points can be made about the results presented 
in this paper. One can start with the assumption that the 
intracellular concentration of free glucose is an index of the 
relative rates of glucose penetration and phosphorylation by 
hexokinase. It will then follow that an increase in the intra- 
cellular concentration of glucose can result either from a relative 
increase in the rate of penetration or from a relative decrease in 
the rate of phosphorylation. The relevant findings are sum- 
marized in Table V. It can be seen that under steady state 
conditions (without specific treatment) neither the fed, the fasted, 


‘Unpublished experiments. 


-administration of a glucose load. 


nor the diabetic animals contain free glucose inside the muscle 
cell. 

Epinephrine, whether introduced by injection or discharged 
from the adrenals in response to hypoglycemia or other stimuli, 
leads to an intracellular accumulation of free glucose and to an 
increase in the glucose-6-phosphate concentration of muscle, the 
latter arising from a breakdown of muscle glycogen. ‘These two 
effects are not antagonized by the simultaneous administration 
of insulin. Epinephrine does not affect the rate of intracellular 
penetration of either pentoses® or 2-deoxyglucose (8) into muscle. 
Glucose-6-phosphate has been shown to be a noncompetitive 
inhibitor of hexokinase with a A; of 4 K 10-4 (9). It seems 
probable, therefore, that the accumulation of intracellular 
glucose during epinephrine hyperglycemia results from a decrease 
in the rate of glucose phosphorylation caused by the elevated 
phosphate ester concentration. 

A degree of hyperglycemia comparable to that after epi- 
nephrine injection, produced in nonfasted animals by the ad- 
ministration of glucose or glucose plus insulin, does not lead to an 
intracellular distribution of glucose. An increased rate of 
penetration undoubtedly occurs, but this is paralleled by an 
equal increase in the rate of utilization.£ A similar adjustment 
in rates occurs in stimulated muscle when secondary effects of 
epinephrine secretion are eliminated by adrenalectomy. In 
stimulated muscle, penetration and utilization of glucose are 
probably maximally increased, but the two rates remain perfectly 
adjusted. It is only when one muscle is cooled to 25° after 
stimulation that glucose accumulates intracellularly, presumably 
because the hexokinase reaction has a higher temperature 
coefficient than penetration. 

It is known that prolonged starvation results in an im- 
pairment of glucose tolerance, characterized by glucosuria 
and a degree of hyperglyceinia greater than normal after the 
This is not the result of an 


5 Unpublished experiments. 

6 Tf the structural hexokinase has the same affinity for glucose 
as the extracted hexokinase (A,, = 8 X 10~® Mm), and if more en- 
zyme became accessible to glucose to match increased rates of 
penetration, free glucose would not be demonstrable inside the 
muscle cell by ordinary analytical techniques. A greater volume 
of distribution of pentoses in the intracellular water of muscle has 
been observed after injection of insulin and in stimulated muscle 
(1, 2). 
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impairment of glucose penetration into muscle. As is shown in 
Table V, glucose accumulates intracellularly in rats fasted for 
72 to 96 hours when glucose or glucose plus insulin is admin- 
istered. Since the normal animal, under the same conditions, 
does not accumulate free glucose in muscle, one must suppose 
that the rate of glucose utilization is diminished in starvation. 
A still greater decrease in glucose utilization is present in severe 
diabetes. In unpublished experiments carried out by Dr. 
Richard A. Field in this laboratory, nephrectomized diabetic 
rats were analyzed in toto for free glucose after the injection of 
C'-Jabeled glucose. In this manner an accurate estimate of the 
rate of glucose utilization in diabetic rats could be made. This 
rate was about one-tenth that of normal animals with a compa- 
rable glucose load. From this it would follow that the rates of 
penetration and utilization of glucose in diabetic muscle are 
both very low, and it seems remarkable that these two rates 
remain adjusted at very high plasma sugar levels, so that there 
is no free glucose inside the muscle cell. An intracellular 
accumulation could be produced, however, in diabetic animals 
by the injection of either epinephrine or insulin or by stimulation 
of muscle. 

The results as a whole show that although the phosphorylating 
capacity of muscle for glucose is very large, factors other than 
the permeability of the muscle membrane may limit the rate of 
glucose metabolism in muscle. 


SUMMARY 


1. The distribution of free glucose between plasma water and 
muscle water (diaphragm and gastrocnemius) has been deter- 
mined under a variety of experimental conditions and compared 
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with the distribution of raffinose, the latter assumed to be a 
measure of the extracellular space. 

2. Epinephrine, whether administered by injection or dis- 
charged from the adrenals in response to hypoglycemia or other 
stimuli, caused an intracellular accumulation of glucose and a 
concomitant rise in the glucose-6-phosphate -concentration of 


muscle, effects which were not antagonized by insulin. 


3. In acutely adrenalectomized animals either the injection of 
insulin or the stimulation of muscle caused a depletion of glucose 
in the extracellular space, a finding which suggests that under 
these conditions the diffusion of glucose through the extra- 
cellular water may become rate-limiting. In the same type of 
preparation plasma glucose levels of 400 mg. per 100 ml., pro- 
duced by the injection of glucose or glucose plus insulin, did 
not cause an intracellular accumulation of glucose. Cooling 
of a stimulated muscle to 25° resulted in an intracellular distribu- 
tion of glucose. 

4. Fasting was associated with a progressively greater ac- 
cumulation of intracellular glucose when hyperglycemia was 
produced by injection of glucose or glucose plus insulin. 

5. Free glucose was not demonstrable inside the muscle cell 
of the diabetic animal in spite of the very high plasma glucose 
level. An intracellular distribution could be produced in these 
animals by injection of either epinephrine or insulin or by 
stimulation of muscle. 

6. The results show that a disparity arises between the rates 
of glucose entry and glucose utilization when the latter is 
depressed by epinephrine, fasting, and diabetes. They also 
indicate that factors other than the permeability of the muscle 
membrane may limit the rate of glucose metabolism in muscle. 
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The glucose analogue, 2-deoxyglucose, is known to be phos- 
phorylated by hexokinase. Compared to glucose, the Michaelis 
constant for 2-deoxyglucose is about 3 times larger, whereas 
Vmax. (extrapolated maximal velocity in a Lineweaver-Burk 
plot) is the same for both sugars (1). The product formed by 
hexokinase, 2-deoxyglucose-6-phosphate, is not acted upon at 
an appreciable rate by other enzymes present in muscle and 
hence accumulates inside the cell. These properties suggested 
that 2-deoxyglucose might be a suitable sugar with which to 
investigate intracellular penetration and phosphorylation as 
separate processes. Methods have been developed for the deter- 
mination of free and phosphorylated 2-deoxyglucose in the pres- 
ence of each other in isolated rat diaphragm. The results are 
reported in this paper. 


MATERIALS AND METHODS 


Animals—Male rats of the Sprague-Dawley strain were used 
in all experiments. 

Chemicals—v-Xylose was obtained from the Pfanstiehl 
Chemical Company, b-glucose from the Mallinckrodt Chemical 
Company, 2-deoxyglucose and 2-deoxygalactose from the Aldrich 
Chemical Company, crystalline zine insulin (letin) from Eli 
Lilly and Company and epinephrine hydrochloride from Parke, 
Davis and Company. The quinaldine reagent (3,5-diamino- 
benzoic acid) was synthesized from 3,5-dinitrobenzoic acid as 
the dihydrochloride salt. 2-Deoxyglucose-6-phosphate was pre- 
pared enzymatically according to the method of Crane and Sols 
(2). It was isolated as the barium salt and converted to the 
sodium salt before use. The purity of the product was con- 
firmed by phosphate and sugar analysis. 

Experimental Procedure—The method of preparation of the 
isolated “intact”? diaphragm as well as the incubation procedure 
employed in all the experiments reported in this paper have been 
described previously (3). Upon completion of the experimental 
period, the diaphragm preparation was immediately cooled 
to 0° by immersing it in ice-cold buffer similar in composition 
to that employed during incubation. The hemidiaphragms were 
then excised, blotted on filter paper maintained at 0°, quickly 
frozen in an ether-CO. mixture, and weighed. The tissue was 
then thoroughly ground in a known volume of the reagents 
necessary for the preparation of a protein-free filtrate. 


*This investigation was supported by Research Grant No. 
A-1921 from The National Institute of Arthritis and Metabolic 
Diseases, the United States Public Health Service. 

t+ John and Mary Markle Scholar in Medical Science. 


In order to determine the 2-deoxyglucose-6-phosphate and 
2-deoxyglucose content of muscle, the following procedure was 
employed. It was first established that the two substances 
produced the same molar extinction coefficient with the quin- 
aldine reagent. Furthermore, 2-deoxyglucose-6-phosphate re- 
mained in solution in 5 per cent trichloroacetic acid but was 
precipitated by the barium hydroxide and zine sulfate reagents 
used in the method of Somogyi (4) for the preparation of protein- 
free filtrates. This being the case, a 5 per cent trichloroacetic 
acid extract of one hemidiaphragm (containing 2-deoxyglucose- 
6-phosphate and both intracellular and extracellular 2-deoxy- 
glucose) and a Somogyi filtrate of the other hemidiaphragm 
(containing only 2-deoxyglucose) were made from each “intact” 
diaphragm preparation. The difference in sugar content of the 
two filtrates represents the amount of 2-deoxyglucose-6-phos- 
phate present in the intracellular compartment of muscle. The 
intracellular content of 2-deoxyglucose-6-phosphate and 2-deoxy- 
glucose was expressed as umoles per ce. of intracellular water 
and was calculated as previously described (3). 

Analytical Methods—The 2-deoxy sugars were determined by a 
modification of the quinaldine method of Cramer and Neville 
(5). This method gave zero blanks with filtrates prepared by 
the Somogyi method. In trichloroacetic acid extracts, the blank 
was significant only if the trichloroacetic acid to tissue volume 
ratio was less than 50. In most cases, however, dilutions greater 
than this could be employed. It was noted that the trichloro- 
acetic acid blank possessed a spectrum different from that ob- 
served with the 2-deoxy sugars, and further investigation re- 
vealed that ribose and the various ribosides of muscle produced 
color identical in spectral characteristics with the tissue blank. 
It was possible to correct for the trichloroacetic acid blank by 
reading the optical density at both 350 mu and 400 my and ap- 
plying the following formulation. 


Corrected O.D. of solution 
= O.D.400 0.815(O.D.250 —_ O.D. 409) 
p-Xylose was assayed by the p-bromoaniline method of Roe 
(6) adapted for the Beckman spectrophotometer; glucose was 
assayed by the hexokinase-glucose-6-phosphate dehydrogenase 
system previously described (7). 
EXPERIMENTAL 


In Table I are shown the effects of temperature, sugar con- 
centration, and insulin on the rate of phosphorylation of 2-deoxy- 
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TABLE I 


Accumulation of 2-deoryglucose-6-phos phate 
in isolated ‘‘intact’’ diaphragm 


Incubations were performed at either 27° or 37° in Krebs- 
Henseleit phosphate buffer (pH, 7.3-7.4) containing 2-deoxyglu- 
cose at the indicated concentration. Pyruvate (0.01 M) was 
added as an oxidizable substrate in incubations at 27° extending 
for 120 to 180 minutes. The values represent wmoles of 2-deoxy- 
glucose 6-phosphate per ec. of intracellular water and are the 
averages of 3 to 8 experiments. Free 2-deoxyglucose did not ac- 
cumulate in the intracellular water in significant amounts under 
these experimental conditions. C refers to incubation without 
and / to incubation with insulin, 0.4 units per ee. For further 
description, see the text. 


Intracellular content of 2?-deoxyglucose-6-phosphate 
after incubation (in minutes): 


Concentra- 
tion o Tem- 
medium | 
pmoles cc. pmoles ‘cc. _pmoales ce. “moles /cc. | pmoles/cc. | pmoles cc. 
10 | 2 | 1.9) 8.0, 3.5/14.2) 5.5/25.2 | 7.3) 
20 4,213.8 7.724.011.8 35.9 15.9 45.8 
20 23.8:17.237.820.249.4 21.150.2 
13.5 27.8 20.8 48.8 20.9 50.0 | 
60 | 37 14.933.6 20.448.120.848.8 
8 | 37 17.0% (35.8 [48.4 (52.5 | 


} 


* Incubated for 10 minutes. 
+t Incubated for 90 minutes. 


glucose in the isolated intact diaphragm.' In no case could an 
intracellular accumulation of free 2-deoxyglucose be demon- 
strated; that is, the amount of it found in the diaphragm after 
incubation did not exceed significantly the amount calculated 
from measurements of the extracellular space. Under these con- 
ditions the rate of phosphorylation is a measure of the rate of 
penetration, and penetration will proceed as if it were an irre- 
versible reaction. 

Between 27° and 37° the rate of phosphorylation was approxi- 
mately doubled, with or without the addition of insulin. There 
Was an increase in the rate of phosphorylation with increasing 
external sugar concentrations, and insulin accelerated the reac- 
tion at all sugar concentrations tested. On comparing the 15- 
and 30-minute values in Table I it can be seen that there is a 
lag period before penetration of sugar sets in.? 

It is of importance to note that the accumulation of 2-deoxy- 
glucose-6-phosphate reaches a maximum which is about 20 
umoles per cc. of intracellular water without added insulin and 
50 umoles per cc. in the presence of insulin (Table I, incubations 


i It was shown previously (3) that the isolated “intact” dia- 
phragm depends on a supply of oxidizable substrate for its func- 
‘tional integrity. It was found necessary, in the present experi- 
ments, to add pyruvate during prolonged periods of incubation 
at 27° in order to maintain the phosphorylation of 2-deoxy-p- 
glucose. Neither the initial rate of phosphorylation at 27° or 
37° nor the final level to which 2-deoxyvglucose-6-phosphate ac- 
cumulated at 37° was influenced by the presence of pyruvate (0.01 
M) or lactate (0.02 m). 

2 Although glucose inhibits the penetration of 2-deoxy- 
glucose, the lag period is probably not related to a carry-over of 
free glucose in the extracellular water of the diaphragm, since the 
lag period is not abolished by preincubating the diaphragm in 
ylucose-free buffer before the experimental period. 
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MIMOLES OF 2DG-6-P/CC. INTRACELLULAR WATER 


% 30 60 90 120 150 180 210 


MINUTES 
Fic. 1. Effect of addition of insulin at the start and after 120 


minutes of incubation with 2-deoxyglucose (2-DG) on the intra- 
cellular accumulation of 2-deoxyglucose-6-phosphate (2-DG-6-P). 


at 37° at external sugar concentrations of 20, 40, 60, and 80 
umoles per cec.). Furthermore, when phosphorylation had 
reached an end-point and incubation was continued for another 
60 minutes, there was no accumulation of free 2-deoxyglucose 
inside the muscle cell. This leads to the conclusion that the 
penetration of sugar must have stopped at the same time that 
phosphorylation stopped. <A further analysis of this phenom- 
enon is given below. 

Analysis of Penetration of 2-deoxyglucose—When insulin was 
added after 120 minutes of incubation with 2-deoxyglucose, at 
which time the accumulation of 2-deoxyglucose-6-phosphate had 
ceased, a rapid phosphorylation of 2-deoxyglucose set in and 
reached the same maximum which was obtained when insulin 
was added at the start of incubation. This is illustrated in Fig. 
1. It would follow that the cessation of penetration and phos- 
phorylation of 2-deoxyglucose cannot be explained by a lack of 
ATP. The question may also be raised whether insulin acts 
here on the muscle membrane or on some internal structure of 
the cell; this will be discussed later. 

Another question was whether glucose could enter a muscle 
which had accumulated 2-deoxyglucose-6-phosphate. The re- 
sults of the experiment are shown in Table I]. The percentage 
of distribution of glucose in total tissue water is to be compared 
with that of thiosulfate or raffinose which remain extracellular 
and show an average distribution of 27 per cent in vitro and 
in vivo (3). On this basis, little if any intracellular accumulation 
of free glucose could be detected in the first two experiments in 
Table II. In the last two experiments in Table II the condi- 


3 Direct chemical analysis of the diaphragm has confirmed this. 
After 60 minutes’ incubation with 2-deoxyglucose, the ATP con- 
tent, as determined with the hexokinase-glucose 6-phosphate 
dehydrogenase reaction, was about 70 per cent of the original 
value. It may be seen in Table I that the maximal rate of phos- 
phorylation of 2-deoxyglucose in the presence of insulin was 36 
umoles per 30 minutes. Comparison of this value with the initial 
concentration of phosphocreatine plus ATP in diaphragm (about 
30 umoles per ce. of intracellular water) makes it clear that re- 
generation of ATP through aerobic phosphorylation is taking 
place in diaphragm incubated with 2-deoxyglucose. Under 
anaerobic conditions phosphorylation of 2-deoxyglucose ceased in 
a short time. 

Such a distribution corresponds to an extracellular space of 
20 per cent based on wet tissue weight. 


Insulin present 
at slart 
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TABLE Il 
Glucose penetration following preincubation with 2-deoryglucose 
Diaphragms were first incubated for 60 minutes in 0.04 m 
2-deoxyglucose with and without added insulin, then washed and 
transferred to 0.02 m glucose, with and without added insulin, 
and incubated for an additional 30 minutes in the first three ex- 
periments and for 60 minutes in the last experiment. 


Insulin during | Insulin during ae Intracellular | Distribution 
incubation with |incubation with | 4_ deoxyglucose content of of glucose in 
2-deoxyglucose glucose 6-phosphate hexose-6-P tissue water 
unils/cc, units /cc. pumoles/cc. pmoles/cc. % 

0 0 | 19.7 0.3 25.8 

0.4 0.4 47.8 0.4 28.4 

0 0.4 18.9 0.7 39.2 

0 0.4 21.6 2.2 53.7 


* To be compared with raffinose and thiosulfate which show an 
average distribution of 27 per cent. 


TABLE III 


Pentose penetration following preincubation 
with 2-deoryglucose 


Diaphragms were first incubated for 90 minutes in 0.02 M 
2-deoxyglucose, then washed and transferred to 0.03 M pb-xylose 
with and without added insulin. The values are averages of two 
experiments and represent the intracellular content of 2-deoxy- 
glucose 6-phosphate and p-xylose in wmoles per ce. The values 
in parentheses represent the intracellular pentose content of dia- 
phragms incubated in 0.03 M p-xylose without preincubation in 
2-deoxyglucose. The extracellular space was measured with 
sodium thiosulfate and is expressed as percentage of wet tissue 
weight. 


incubation in | | -Xvlose 
min. unils/cc. pumoles/cc. umoles/cc. % 

30 0 18.9 6.1 (6.2) 18.2 
30 0.4 18.6 13.7 (14.1) 19.1 
60 0 17.5 11.9 (11.2) 18.8 
60 0.4 19.5 18.9 (17.8) 19.6 


tions were similar to those in Fig. 1; that is, insulin was added 
after the preliminary incubation period in 2-deoxyglucose which, 
as shown above, permitted additional penetration of the sugar. 
In this case an entrance of glucose could likewise be detected 
by an accumulation of free glucose within the cell and by an 
increase in the steady-state concentration of hexose 6-phosphate.® 
From these measurements it would appear that the accumulation 
of 2-deoxyglucose-6-phosphate inhibits not only the entrance 
of 2-deoxyglucose but also that of glucose. 

A further question was how specific this inhibitory effect of 
2-deoxyglucose-6-phosphate might be. The experimental data 
in Table III show that the penetration of a pentose (p-xylose) 


> 2-Deoxyglucose-6-phosphate has been shown to be a com- 
petitive inhibitor of phosphoglucoseisomerase (8) and of phos- 
phoglucomutase (unpublished observations). A molar ratio of 
2-deoxyglucose-6-phosphate to glucose-6-P of about 7 was required 
in the former case (private communication by Dr. R. K. Crane) 
and of about 15 in the latter case to effect 50 per cent inhibition 
of the respective enzymes. If similar relationships were to ob- 
tain in intact muscle, an entry of glucose in the experiments in 
Table IIT should have caused an increase in the level of glucose-6-P. 
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was not inhibited. Two time periods were chosen, and it 
may be seen that the intracellular distribution of xylose increased 
with time and reached 40 per cent of the external concentration 
without insulin and 63 per cent in the presence of insulin. The 
measurements of the extracellular space were included in Table 
III in order to show that there was no appreciable change. 

As a further test of the specificity of inhibition by 2-deoxy- 
glucose-6-phosphate, the penetration of a nonutilizable hexose 
(2-deoxy-p-galactose) was investigated. The results are shown 
in Tables IV and V. 2-Deoxygalactose accumulates as free 
sugar within the cell since it is not acted upon by hexokinase. 
The basal penetration has a Qio of about 1.3. Insulin causes a 
larger volume of final distribution of the sugar in the intracellular 
water, but has less effect on the rate of entry of this sugar than 
is the case with p-xylose. The Q,, of the insulin effect, obtained 
by deducting the basal penetration from the penetration in the 


TaBLe IV 
2-Deoxrygalactose penetration 


Diaphragms were incubated in 0.02 m 2-deoxygalactose. (' 
refers to incubation without and 7 to incubation with insulin, 0.4 
units per cc. of medium. ‘The values represent the averages of 
3 to 7 experiments. 


| 


Intracellular 
distribution of 
2-deoxygalactose* 


Intracellular content | 


Period of 2-deoxygalactose 


incubation | Temperature 
min. | pmoles/ce. | pumoles/ce. | 
30 27 | §.4 7.4 | 27 37 
60 | 37 10.5 | 15.2 | 53 76 
120 | 37 9.5 


14.8 | 48 | 74 


* The percentage of intracellular water which is in equilibrium 
with the incubation mixture is represented by the ratio of intra- 
cellular concentration to extracellular (medium) concentra- 
tion X 100. 


TABLE V 


2-Deoxygalactose penetration following preincubation 
with 2-deoryglucose 


Diaphragms were first incubated in 0.04 m 2-deoxyvglucose, 
then washed and transferred to 0.02 m 2-deoxygalactose with and 
without added insulin. The values are averages of 2 to 3 experi- 
ments and represent the intracellular content of 2-deoxyglucose 
6-phosphate and 2-deoxygalactose in wmoles per cc. of cell water. 
The values in parentheses represent the intracellular content of 
2-deoxygalactose in diaphragms incubated in 0.02 m 2-deoxvga- 
lactose without preincubation in 2-deoxyglucose. 


preincuba- | incubation in 2-Deoxy- cellular 
tion in 0.04. of 0.02 M glucose distribution 
M 2-deoxy- | 2-deoxy- 6-phosphate | g of 2-deoxy- 
glucose | galactose galactose* 
| 
mint | units cc. min, pmoles ce. pmoles ‘cc. 
60 0 30 22.1 7.1 (6.9) 35 (35) 
45.0 11.5 (10.9) 57 (355) 
30 | 0 60 13.6 10.0 (10.6) 5O (53) 


* The percentage of intracellular water which is in equilibrium 
with the incubation mixture is represented by the ratio of intra- 
cellular concentration to extracellular (medium) concentra- 
tion X 100. 
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20G*0.01M 


iL 


i i i i i i i i i i 


MMOLES OF 20G-6-P/CC. INTRACELLULAR WATER 


Fig. 2. A plot of the data of Table I asVt versus intracellular 
concentrations of 2-deoxyglucose-6-phosphate (2-DG-6-P) for 
incubations in 0.01 m 2-deoxyglucose (2-DG). 


presence of insulin, was 2.0. Table V shows that the presence of 
2-deoxyglucose-6-phosphate within the muscle cell had no inhi- 
bitory effect on the penetration of this hexose either in the ab- 
sence or the presence of insulin. 

It may be appropriate at this point to mention some of the 
possibilities which would account for the observations recorded 
sofar. Ifa product of the hexokinase reaction, 2-deoxy-glucose- 
6-phosphate, inhibits the penetration of sugars which are sub- 
strates, e.g. 2-deoxyglucose and glucose, but does not inhibit 
the penetration of sugars which are not (e.g. xylose and 2-deoxy- 
galactose), one might think of product inhibition of the enzyme. 
Hexokinase is inhibited by glucose-6-phosphate, and it has been 
shown by Crane and Sols (2) that this inhibition is half-maximal 
at a concentration of 4 x 10-‘ Mm and is of the noncompetitive 
type. At a concentration of 1 xX 10-% m 2-deoxyglucose-6- 
phosphate did not inhibit the phosphorylation of glucose by 
brain hexokinase (2). In view of the much higher concentrations 
of 2-deoxyglucose-6-phosphate reached in the experiments in 
Table I, the measurements were repeated with hexokinase pre- 
pared from rat skeletal muscle at a concentration of 2-deoxy- 
glucose-6-phosphate of 25 wmoles per cc.; again no inhibition of 
glucose phosphorylation was found.® 

This leads to the notion that intracellular 2-deoxyglucose-6- 
phosphate might inhibit the transport of free 2-deoxyglucose and 
of glucose by an action on the cell membrane. Such an inhibi- 
tory action could be competitive or noncompetitive. The 
former seemed unlikely from the data shown in Table I, since 
the inhibition was independent of the outside concentration of 
2-deoxyglucose. Accordingly the data were examined for non- 
competitive inhibition. 

Kinetics of Penetration of 2-deoryglucose—When a fixed con- 
centration of noncompetitive inhibitor is present which can 
combine reversibly with the enzyme, the hyperbolic relation- 
ship Vo/v = 1 + //K; obtains, where Vo is the velocity in the 
absence of inhibitor, v the velocity in the presence of inhibitor 
at a concentration of J, and K; the dissociation constant of the 
enzyme-inhibitor complex. In the case of noncompetitive prod- 
uct inhibition, e.g. hexokinase acting on glucose to form glucose- 


6 In order to prevent the accumulation of glucose-6-P, a prepara- 
tion of glucose-6-phosphate dehydrogenase free of hexokinase was 
added in both the control incubation and the incubation in the 
presence of 2-deoxyglucose-6-phosphate. This was necessary 


because of the inhibition of phosphoglucoseisomerase by 2-deoxy- 
glucose-6-phosphate (see footnote 5). 


Vol. 234, No. | 


TABLE VI 
Analysis of the kinetics of penetration of 2-deozxyglucose 
The method of evaluating the lag period and the initial rate 
of penetration of 2-deoxyglucose is described in the text. K; 
represents the average of each incubation period + the average 
deviation from the mean. Qio Basal penetration (0.01 M) = 2.3; 
Qo insulin action (0.01 m) = 2.0. 


ion o 

Insulin Lag period | Initial rate 

medium 

pmoles/cc. min. pmoles/cc. 
10 0 27 7.5 0.115 4.7 + 0.31 
10 0 37 5.5 0.27 6.2 + 0.37 
10 - + 27 7.5 0.52 16.9 + 0.90 
10 + 37 2.25 1.09 13.5 + 0.23 
20 0 27 5.0 0.32 6.3 + 0.50 
20 + 27 4.0 0.98 16.0 + 0.70 


6-P, the inhibitor concentration rises progressively with time. 
Crane and Sols (9) have shown that this relationship is parabolic. 
They plotted their data in the form ~/ Vo against v and obtained 
a straight line. Vo was evaluated in a separate experiment in 
which the rate was linear with time, because the product, glucose- 
6-P, was removed as rapidly as it was formed by the addition 
of other enzymes. It would follow that +/¢ against v should 
also plot as a straight line, since Vo is equivalent to a constant X 
t. In the case of the experiments in Table I it is obviously not 
possible to obtain Vo, the uninhibited rate of penetration, by an 
independent measurement. One may, however, proceed as 
follows. 

In Table I there are 6 time curves with at least 3 measurements 
of v before the maximum of phosphorylation is reached. These 
have been plotted as ~/t against v. Fig. 2 illustrates this plot 
for the incubations in 0.01 m 2-deoxyglucose. The ordinate 
intercepts correspond to the lag periods which have been men- 
tioned previously. From the equations of the straight lines 
one can calculate v for the first minute of penetration and set 
this equal to Vo. This is equivalent to drawing a tangent to 
the rate curve, v against t, at its beginning. In order to calculate 
the uninhibited rate for the different time periods, t, corrected 
for the lag period, is multiplied by Vo.? K,; may now be evaluated 
by means of the equation given at the beginning of this section. 
In Table VI the values for A; for a given experiment are reasona- 
bly consistent, as shown by the average deviation from the mean.’ 
There is, however, a marked difference in the A; value for the 
experiments with insulin as compared to the experiments in 
which no insulin was added. A possible explanation is suggested 
below. 

Volume of Distribution—In the case of sugars which are not 
phosphorylated, the reversible reaction of penetration follows 
first order kinetics and approaches an equilibrium of equal con- 
centrations on the two sides of the cell membrane. It is a re- 


7 The existence of a lag period introduces an element of uncer- 
tainty in the evaluation of Vo, since the assumption is made that 
no significant penetration takes place during the lag period. 
The values for the lag period and for Vo are recorded in Table VI. 

8 It should be emphasized that this formal agreement with the 
equation for noncompetitive inhibition does not necessarily 
imply that an actual enzymatic process is involved in the trans- 
port of 2-deoxy-p-glucose. 
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markable fact that this equilibrium involves different volumes of 
the available intracellular water depending on whether or not 
nsulin is present. In previous experiments (3) the final volume 
of distribution of b-xylose, in percentage of available intracel- 
lular water, with and without insulin, was 80 to 54, a ratio of 
1.48. A similar ratio, 1.54, was obtained in the experiments 
with 2-deoxygalactose which are recorded in Table IV. If this 
indicates different ‘“compartments” of the cell, one would ex- 
pect that the product of phosphorylation of 2-deoxyglucose 
would also distribute itself in different volumes of the intracel- 
lular water depending upon whether or not insulin is present. 
Indeed, the experiment in Fig. 1 may be interpreted to mean that 
a new compartment of the cell is opened up when insulin is added. 
This would permit the concentration of 2-deoxyglucose-6-phos- 
phate to fall and thereby release the inhibition of penetration 
of 2-deoxyglucose at the cell membrane. If this were so, the 
final values for 2-deoxyglucose-6-phosphate accumulation in 
Table I, in the absence and presence of insulin, (20 and 50 
umoles, respectively) would represent equal concentrations in 
different volumes of the intracellular water. Consequently, the 
K; values in Table VI in the absence of insulin should be multi- 
plied by a factor of 2.5 to make them comparable to the KA, 
values obtained in the presence of insulin. The ratio of the 
average A, values without (5.7) and with insulin (15.5) was 2.7. 
Since the actual physical meaning of .A; in this system is not 
known, one could also say that insulin acts on the cell membrane 
in such a way that K,; becomes larger, in which case 2-deoxy- 
glucose-6-phosphate could build up to a higher concentration 
in the same compartment of the cell before the entry of 2-deoxy- 
glucose is inhibited. At present there is no way of deciding 
between these two possibilities, except by an argument of 
analogy with the known effect of insulin on the intracellular 
distribution of free sugars. 

Effect of Glucose and Other Sugars on Penetration and Phos- 
phorylation of 2-deoryglucose—One of the characteristics of a 
transport system is that it can be saturated with respect to sub- 
strate. It can be seen in Table I that the system involved in 
2-deoxyglucose penetration has not attained maximal velocity 
even at 0.08 m 2-deoxyglucose. This implies a relatively large 
“K,,” value, but it could be argued that 2-deoxyglucose, being 
an unnatural substrate, has a low affinity for the system; whereas 
glucose being the natural substrate would have a high affinity. 
This can be investigated in an experiment designed to test the 
ability of glucose to inhibit 2-deoxyglucose penetration. It 
should be mentioned that the penetration of sugars which are 
not phosphorylated, e.g. pentoses and galactose, is not inhibited 
by equimolar concentrations of glucose. The results in Table 
VII show that the penetration of 2-deoxyglucose was inhibited 
56 per cent by glucose and 20 per cent by mannose in equimolar 
concentrations. The affinities of 2-deoxyglucose and of glucose 
for a hypothetical transport system, therefore, do not appear to 
be widely different. Galactose and fructose did not inhibit the 
penetration of 2-deoxyglucose under similar conditions. 

One special feature of the experiments in Table VII is that 
free 2-deoxyglucose accumulates in the intracellular water when 
glucose or mannose are added. This does not occur when galac- 
tose or fructose are added or when 2-deoxyglucose is added 
alone. The probable explanation is that after penetration into 
the cell, the latter sugar and glucose or mannose compete for 
hexokinase and since these sugars have a higher affinity for 
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TaBLe VII 


Effect of glucose and other sugars on the penetration and 
phosphorylation of 2-deoryglucose 


Diaphragms were incubated for 60 minutes in 0.02 m 2-deoxy- 
glucose plus 0.02 m glucose, mannose, galactose, or fructose. C 
refers to incubation without and 7 to incubation with insulin, 
0.4 units perce. of medium. The values are averages of 3 experi- 
ments. The values in parentheses represent the uptake of 2- 
deoxyglucose in the absence of added sugar. 


2-Deoxyglucose | Total uptake 
Sugar added 
I C I I Cc I 
pmoles/cc. pumoles/cc. umoles per cc. % 
Glucose....| 2.6 | 8.1) 5.3 | 7.2 7.9 | 15.3 53 59 
Mannose...!| 10.9 | 24.1 | 3.4 4.7 | 14.3 | 28.8 15 24 
Galactose...| 18.6 | 37.6 0 1.8 | 18.6 | 39.4 0 0 
(17.2)| (37.8) 
Fructose*...| 8.2 | 22.4! 0 0 8.2 | 22.4 0 0 
(8.4) | (23.8) 


* Incubated for 30 minutes. 


hexokinase than 2-deoxyglucose, some of the latter remains 
unphosphorylated. The results in Table VII show that of the 
total amount of 2-deoxyglucose penetrating, 52 per cent re- 
mained unphosphorylated in the presence of glucose and 19 per 
cent remained unphosphorylated in the presence of mannose. 
Fructose, on the other hand, has a much lower affinity for hexoki- 
nase, and galactose has practically none at all with the result 
that 2-deoxyglucose phosphorylation is not inhibited. It 
seemed of interest to test this relationship between hexoki- 
nase activity and phosphorylation of 2-deoxyglucose in another 
way. 

Effect of Epinephrine—In the preceding paper (7) the intra- 
cellular accumulation of free glucose after epinephrine injection 
was attributed to an inhibited hexokinase reaction, but no 
direct proof could be offered that the phosphorylation of glucose 
was actually diminished. If epinephrine has such an effect 
(via glycogenolysis and a concomitant increase in glucose-6- 
phosphate), it should be demonstrable in the case of 2-deoxy- 
glucose, where phosphorylation can be measured directly. The 
experiments in Table VIII show that phosphorylation of 2-deoxy- 
glucose was inhibited 40 per cent when epinephrine was added, 
and there was a corresponding increase in the amount of free 
2-deoxyglucose, so that the total amount of this sugar taken 


TaBLe VIII 


Effect of epinephrine on the penetration and 
phosphorylation of 2-deoryglucose 


Diaphragms were incubated in 0.06 m 2-deoxyglucose with in- 
sulin (0.4 units per ec.) added to increase the rate of penetration. 
The concentration of epinephrine was 6 X 10-5 Mm. The values 
are averages of 3 experiments. The values in parentheses repre- 
sent the uptake of 2-deoxyglucose in the absence of epinephrine. 


2-Deoxyglucose 


Period of incubation é-sheawbete 2-Deoxyglucose | Total uptake 


min. | pmoles cc. | pmoles cc. | pmoles cc. 
30 | 19.9 | 10.7 30.6 (33.6) 
| 25.1 | 15.4 | 40.5 (41.5) 
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up by the diaphragm was the same as in the absence of epine- 
phrine.® 


DISCUSSION 


The penetration of the glucose analogue, 2-deoxyglucose, into 
the isolated intact diaphragm preparation resembles that of 
glucose in one important respect; free sugar does not accumu- 
late intracellularly in amounts which can be measured by present 
techniques. This may be attributed to the fact that 2-deoxy- 
glucose has a high affinity for hexokinase and that the rate 
of penetration does not exceed the rate of phosphorylation. 
Kinetic analysis has shown that the rate of phosphorylation 
diminishes with time because the product of phosphorylation, 
2-deoxyglucose-6-phosphate, inhibits the penetration of 2-deoxy- 
glucose. For this reason it is not possible to state what might 
be the maximal capacity of muscle to phosphorylate this sugar. 
The highest rates recorded in Table | were for incubation at 
37° in 0.08 m 2-deoxyglucose in the presence of insulin, and they 
corresponded to an uptake of 9.2 and 6.4 mg. of 2-deoxyglucose 
per gm. of diaphragm per hour for the 10- and 30-minute incuba- 
tion periods respectively. The highest values recorded in the 
literature for the uptake of glucose by diaphragm were of this 
order. 

Several facts seem remarkable about the inhibition of penetra- 
tion by 2-deoxyglucose-6-phosphate. The inhibition occurs at 
the inner surface of the cell membrane, since addition of 2-deoxy- 
glucose-6-phosphate (0.02 m) to the medium has no effect.!°. The 
inhibition is specific for certain sugars and is of the noncompeti- 
tive type. These observations suggest that 2-deoxyglucose-6- 
phosphate inhibits a special transport system for glucose, 
2-deoxyglucose, and perhaps, also, mannose. Other observa- 
tions which support the existence of at least two transport sys- 
tems for sugars in muscle are assembled in Table IX. 

One distinction between the two systems is the Qio of basal 
penetration. Pentoses and hexoses which are not phosphory- 
lated by hexokinase seem to enter muscle by a process of diffusion 
and a difference in temperature of 10—-20° has little effect on the 
rate. The basal penetration of 2-deoxyglucose is influenced by 
temperature with a Qi of about 2, which suggests that an ener- 
getic process is involved. The two systems cannot be distin- 
guished on the basis of temperature effects when insulin is present 
since in either case the insulin effect has a Qj of 2. This would 
indicate that, although energy is required to keep the cell 
membrane in a more active state, the insulin effect itself is not 
specific for a particular transport system. Indeed, it has been 
shown recently that the transport of an amino acid into muscle 
is accelerated by insulin (10). 

The two systems of sugar transport can also be distinguished 
in tests for competitive inhibition. Glucose in equimolar con- 
centration as well as mannose inhibit the penetration of 2-deoxy- 
glucose, whereas galactose and fructose do not. On the other 
hand, glucose when present in 3-fold excess does not inhibit the 
penetration of p-xylose in vitro and of p-xylose, L-arabinose 


*Jt will be noted that insulin was added in the experiments 
recorded in Table VIII. When insulin was omitted from the 
incubation mixture and the concentration of 2-deoxyglucose was 
0.04 mM, the penetration of 2-deoxyvglucose was apparently not 
rapid enough to cause an accumulation of free 2-deoxyglucose in 
the presence of epinephrine. 

10 (lucose-6- phosphate at this concentration also had no effect. 
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TABLE IX 
Summary of results obtained with various sugars 


G, M, Gal, and F refer to glucose, mannose, galactose and 
fructose respectively. 


Inhibition of [Inhibition Ratio of 
penetration netration | intracellu- 
Sugar | penetration by: i internal | lar distri- 
2-deoxy- (bution: In- 
glucose- sulin 
Basal Insulin G M Gal F/6-phosphate| Basal 
1.0 1.8/0 0 1.5 
L-Arabinose*.......... 1.90 1.5 
p-Galactose........... | 0 
2-Deoxy-p-galactose... 1.3. | 0 1.5 
2-Deoxy-p-glucose..... 2.32.0 |\++ 0 + 2.57 


* Unpublished experiments. 
tT 2-Deoxyglucose-6-phosphate. 


and p-galactose in vivo. Finally the two systems are inhibited 
differentially by internal 2-deoxyglucose-6-phosphate. 

Included in Table IX are the ratios of intracellular distribu- 
tion of p-xylose, L-arabinose, and 2-deoxygalactose attained in 
the absence and presence of insulin. The inside concentrations 
approach but never exceed the outside concentrations when 
insulin is present and it is therefore assumed that insulin makes 
additional compartments of the cell accessible to the sugars. 
In the case of 2-deoxyglucose it is not the free sugar but its 
phosphorylated product which accumulates in different amounts 
in the absence and presence of insulin. Here it is not possible 
to state whether or not the phosphorylated product occupies 
different cell volumes. The experiment in Fig. 1 could be inter- 
preted to mean that insulin relieves the inhibition produced by 
2-deoxyglucose-6-phosphate or it could mean that insulin allows 
the latter to occupy a larger cell volume, in analogy to its effect 
on free sugars. A distinction between these two possibilities 
would seem to be fundamental to the action of insulin. 


SUMMARY 


1. The phosphorylation of 2-deoxyglucose to 2-deoxyglucose- 


6-phosphate has been measured directly in the isolated “intact” | 


diaphragm as a function of temperature, sugar concentration, 
and addition of insulin. Although the rate of penetration and 
phosphorylation increased several fold with a rise in the external 
sugar concentration from 0.01 mM to 0.08 mM and was further in- 
creased by addition of insulin, free 2-deoxyglucose could not be 
demonstrated inside the muscle cell. This indicates that the 
maximal capacity of muscle to phosphorylate this sugar is greater 
than the rate of penetration. 

2. The rate of phosphorylation decreased with time as 2-deoxy- 
glucose-6-phosphate accumulated. Phosphorylation as well as 
penetration ceased at any of the external sugar concentrations 
when the internal concentration of 2-deoxyglucose-6-phosphate 
reached 0.02 m in the absence of insulin and 0.05 m in the pres 
ence of insulin. This was shown to be the result of a noncom- 


petitive inhibition of penetration of 2-deoxyglucose by its phos- _ 


phorylated product. Internal 2-deoxyglucose-6-phosphate also 
inhibited the penetration of glucose but not that of p-xylose and 
2-deoxygalactose. 2- Deoxyglucose - 6- phosphate or glucose- 
6 - phosphate, when added to the medium in 0.02 mM concentra- 
tion, did not inhibit the penetration of 2-deoxyglucose. 


| 

$$ 

| 
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3. Addition of insulin after 2-deoxyglucose-6-phosphate 
accumulation had ceased at the 0.02 m level caused new phos- 
phorylation of 2-deoxyglucose to occur which continued until 
the 0.05 m level was reached. It could not be decided whether 
this was an effect of insulin on the cell membrane or on some inner 
compartment of the cell. 

4. The addition to the medium of equimolar quantities of 
glucose or mannose inhibited the intracellular penetration of 
2-deoxyglucose, whereas similar quantities of galactose and fruc- 
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tose were without effect. Glucose and mannose also inhibited 
the phosphorylation of 2-deoxyglucose with a resultant intra- 
cellular accumulation of free 2-deoxyglucose. 

5. Epinephrine did not influence the rate of penetration of 
2-deoxyglucose but caused a decrease in the rate of phosphoryl- 
ation and a corresponding intracellular accumulation of free 
2-deoxyglucose. 

6. The possibility that there might be two systems of sugar 
transport in muscle was discussed. 
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a-Ketoglutaric Dehydrogenase 


VI. REVERSIBLE OXIDATION OF DIHYDROTHIOCTAMIDE BY DIPHOSPHOPYRIDINE NUCLEOTIDE* 
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The oxidative decarboxylation of a-keto acids to the energy- 
rich acyl-CoA with the simultaneous reduction of DPN (Re- 
action 1) has been studied in isolated systems from various 
sources (1-5). The pyruvic dehydrogenase of pigeon breast 


O 


R—C—COOH + CoASH + DPN+ —> 
O 


(1) 


R—C—S—CoA + DPNH + H* + CO, 


(2, 6) and the KG-dehydrogenase! of hog heart and pigeon 
breast (3, 7) are multifunctional complexes of large molecular 
weight which carry out the above over-all reaction. They both 
contain tightly bound, nondialyzable 1 ,2-dithiolane-3-valeric 
acid (6,8-thioctic acid, a-lipoic acid). The dehydrogenases 
from Escherichia coli, on the other hand, have been resolved into 
two fractions (Fractions A and B) which are inactive singly but 
together carry out similar oxidation? (1,8). Hager and Gunsalus 
(10) showed that Fraction B was able to catalyze the reduction 
of thioctate by DPNH (Equation 2) in a system coupled to re- 
duction of DPN by lactate (Equation 3). Over a 150-fold 
range of purification the ratio of this enzyme activity (referred 
to as lipoic dehydrogenase) to pyruvic dehydrogenase activity 
(with excess Fraction A present) was constant. 


| + DPNH + Ht @ | + DPNt (2) 
H 


HS § 
Lactate + DPN* = Pyruvate + DPNH + Ht (3) 


* This work was supported by the American Heart Association, 
and the Williams-Waterman Fund of the Research Corporation. 

+ This work was carried out during the tenure of an Estab- 
lished Investigatorship of the American Heart Association. 
Present address, Gerontology Branch, National Heart Institute, 
Baltimore City Hospitals, Baltimore 24, Maryland. 

1 The abbreviation used is: KG, a-ketoglutarate. 

2 We have observed that sometimes the pyruvic dehydrogenase 
of E. coli is not resolved into two fractions. Whether or not 
resolution occurs depends on the conditions for cell rupture in 
the sonic oscillator. Samples from the same batch of cells under 
certain conditions of exposure in the oscillator gave two fractions, 
and under different conditions the complete pyruvic dehydrogen- 
ase activity was recovered in the lower ammonium sulfate 
fraction. Similar results have been obtained with the pyruvic 
dehydrogenase from two strains of Mycobacterium tuberculosis 
(9). Even in bacterial cells the a-keto acid dehydrogenases 
seem to be complexes similar to the mammalian enzymes. 


The same activity which we have called dithioloctanoic de- 
hydrogenase or dithiol dehydrogenase is present in the highly 
purified mammalian KG-dehydrogenase. Some of its proper- 
ties have been reported briefly (11). This paper provides 
documentation of the observation and a description of the re- 
action. 


RESULTS 


The reversible oxidation of dithioloctanoic acid by DPN cata- 
lyzed by the mammalian KG-dehydrogenase, can be measured 
spectrophotometrically by following the absorption of DPNH 
at 340 my (Fig. 1). The rate of the reaction is slow at pH 7 anda 
fairly large amount of enzyme is necessary. Curve 1 shows the 
oxidation of DPNH by thioctate and Curve 2 shows reduction of 
DPN by dithioloctanoate. The decrease in absorbance on the 
addition of lactic dehydrogenase and pyruvate to the system 
(Curve 2) after the reaction is completed confirms that the prod- 
uct measured is DPNH. In practice it is more convenient to 
follow the reaction in the direction of DPNH oxidation for two 
reasons. First, at neutral or acid pH the equilibrium is in favor 
of reduction of thioctate. Second, it avoids the necessity for 
fresh preparation of the unstable dithioloctanoate before each use. 

The dithiol dehydrogenase of F. coli is active with both optical 
isomers of thioctate (10). Fig. 2 shows the activity of the two 
isomers in the reaction with DPNH using the mammalian KG- 
dehydrogenase. Curve 1 represents the rate of aerobic oxidation 
of DPNH catalyzed by the large amount of enzyme used in the 
experiment (in the absence of thioctate) (12). This oxidation 
appears to be mediated through the reduction of the enzyme- 
bound thioctic disulfide and the subsequent aerobic oxidation of 
the dithiol (13, 14). With low concentrations of (—)-thioctate 
(8.1 * 10-4 Mm, Curve 2) the activity is not significantly above 
the activity without thioctate (Curve 1). On the other hand, 
(+)-thioctate at the same concentration gives a high rate of 
DPNH oxidation (Curve 5). Results of this type led to the 
preliminary conclusion that (—)-thioctate is inactive in the re- 
action (10). However, at higher levels (—)-thioctate is active 
as shown by Curves 3 and 4, but far less so than (-+)-thioctate 
at equal concentration. It is interesting that only the (+)- 
isomer is active in the pyruvic oxidation factor assay with 5. 
faecalis (10). 

While standardizing this assay for routine determinations, 
certain peculiarities were observed. For example, the activity 
of the enzyme increased rapidly with decreasing pH, and _ the 
enzyme was not saturated even at moderately high levels of 
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Fic. 1. Thioctic dehydrogenase activity of KG-dehydrogenase. 
Curve 1: The reaction mixture contained 50 wmoles of potassium 
phosphate at pH 7.1, 0.24 umole of DPNH, and 1 umole of pL- 
thioctate in 1.95 ml. At zero time 1 mg. of KG-dehydrogenase 
was added from the side arm of the anaerobic cuvette and the 
absorbance at 340 mu read at intervals in the Beckman model 
DU spectrophotometer. Curve 2: As above except that 0.26 
umole of dithioloctanoate, 0.32 umole of DPN, and 2 mg. of de- 
hydrogenase were used. At 15 minutes, 3 ywmoles of pyruvate 
and 0.02 ml. of lactic dehydrogenase were added. 

Fic. 2. Optical specificity for thioctate. KG-dehydrogenase 
(0.2 mg.) was added to DPNH (7.5 X 10-5 M) and thioctate (as 
shown below) in 0.6 ml. of phosphate buffer at pH 7.0 containing 
ethylenediaminetetraacetate (1.7 X 107? mM). Curve 1: No thioc- 
tate; Curves 2, 3, and 4: (—)-Thioctate at 8.1 X 10-4 M, 2.4 K 10-3 
mM, and 8.1 X 10-3 M, respectively; Curves 6 and 6: (+)-Thioctate 
at 8.1 *X 10-4 m and 2.4 X 107-3 M, respectively. The change in 
absorbance at 340 my was followed in a Beckman model DU 
spectrophotometer with a microattachment. At 8.1 X 10-4 M 
(—)-thioctate the change in absorbance was 0.008 per minute 
(after correction for the change in the absence of thioctate), 
whereas it was 0.381 per minute with the same level of (+)-thioc- 
tate. 


thioctate. This led us to suspect that only the unionized car- 
boxylic acid was reactive and, therefore, pi-thioctamide was 
tested in the reaction. It was found to be far more active than 
thioctate at equal and low concentrations. Since the prelimi- 
nary report was published (11), one other derivative, pL-thiocty] 
glycine, has been studied. 

The activity of the KG-dehydrogenase with the different sub- 
strates at various pH values is shown in Fig. 3. Reduction of 
pL-thioctamide and of pi-thioctyl glycine, as well as the oxida- 
tion of KG, show pH optima in the range 6.5 to 7.2 (Curves 2, 3, 
and 4, respectively). The behavior of thioctate (Curve 1) is 
quite exceptional; the reaction rate increases sharply with de- 
creasing pH. The limit of the measurements is pH 5.9 since 
the enzyme precipitates in this region. 

Fig. 4 shows the relationship between activity and substrate 
concentration. pL-Thioctamide is the only substrate that seems 
to saturate the enzyme at reasonably low levels with an apparent 
kK, (Michaelis constant) of 7 X 10-4 mM (Curve 3). Its solubility 
is low, and the compound tends to precipitate in a short time 
especially at levels appreciably above 10-° m. During the course 
of the assays, which are generally performed within a minute, the 
reaction mixtures (which were used for the determination of the 
points in Curve 3) remained clear. The DPNH concentration 
in all these experiments was well above the saturation level. 

The rates of reaction with the different substrates’ with the 


’We have synthesized pi-thioctyl monoglyceride by reacting 
thioctyl chloride with isopropylidene glycerol and subsequent 
hydrolysis of the isopropylidene group with acid. The glyceride 
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A A/ Min. 


a 
0.15 4 +0.05 
3 
0.0 


Fic. 3. Effect of pH. The experiments were performed aero- 
bically in phosphate buffer with 7 X 10-3 M thioctate for Curve 1, 
1.5 X 10-* m thioctamide for Curve 2, and 3 X 107% m thioctyl 
glycine for Curve 3. 0.3 umole of DPNH in 3.0 ml. was used in all 
experiments. Curve 4 shows the rate of ketoglutarate oxidation 
as measured in the text. The pH in all cases was measured at 
the end of the reaction. Different amounts of KG-dehydrogenase 
(270 ug., 4 ug., 55 wg., and 17 wg., respectively) were used with 
the different substrates. 


R-COO 
2 3 4 5 *10°M 
ost 
3 


A A/Min. 


3*10°M 


R’-CONH, 


Fia. 4. Effect of substrate concentration. Curve 1: pt-Thioctate 
reduction at pH 6.1; Curve 2: pi-Thioctyl glycine reduction at 


pH 7.0; Curve 3: pi-Thioectamide reduction at pH 7.0. Other 
conditions were as in Fig. 3. The seale at the top of the figure 
applies to Curves 1 and 2. 


same amount of enzyme are compared in Table I. The values 
with thioctamide and KG represent the maximal rates obtained 
under optimal conditions, whereas those with thioctate and thi- 
octyl glycine were obtained under conditions where the enzyme 
was not saturated with the substrates. 

It is seen from the above data that of all the substrates ex- 
amined thioctamide has the highest affinity for the enzyme 
(Fig. 4) and that at low concentrations it is the most active sub- 
strate. The pH-activity curves (Fig. 3) with the carboxy] 
substituted thioctic acid (thioctamide and thiocty] glycine) more 


was purified by paper chromatography with a solvent mixture of 
isopropyl alcohol (70 parts), concentrated ammonia (10 parts) 
and petroleum ether (20 parts). The following average Rp values 
were found: glyceride 0.85, thioctamide 0.81, thioctie acid 0.47. 
At 5.6 the glyceride gave a rate of 0.11 umole per min. 
per mg. KG-dehydrogenase compared to 1.8 wmoles per min. 
per mg. with thioctamide at the same concentration. The com- 
pound could not be tested at higher levels because of its poor 
solubility. The glyceride was characterized by periodate oxida- 
tion which gave 1 mole of formaldehyde per mole of thioctie acid. 
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TaBLe 
Relative rates of reactions 
KG-dehydrogenase activity was determined as described in the 
text. Reduction of thioctate (7 &K 10-3? mM) by DPNH was meas- 
ured at pH 6.0; reduction of thioctamide (2 X 1073 m) and of thioe- 
tvlglycine (3 X 1073 Mm) at pH 7.0 was measured as in Fig. 1. 


Substrate Reaction rate 


pmoles/min./mg. 


pL-Thioctylglycine reduction*............. | 1.5 
pL-Thioctamide reduction................ | 16.5 


* These measurements were carried out under suboptimal con- 
ditions. 


TaB_e II 

Distribution of thioctic acid in KG-dehydrogenase 
5 ml. of enzyme containing 75 mg. of protein were adjusted to 
pH 5.6 and heated in a boiling water bath for 5 min. (At pH 7 
considerable denatured protein remains in solution.) The resi- 
due obtained by centrifugation was washed twice with water and 
the washings were combined with the first supernatant solution. 
The residue was washed twice with methanol and then extracted 
with chloroform-methanol (1:2) at 60° for 10 min. The methanol 
washings and extracts were combined for assay. Thioctice acid 
Was assayed as described under ‘‘Experimental.’’ The samples 

had no thioctie acid activity before alkaline hydrolysis. 


| Thioctic acid 


moles/2 XK 10° g. 


Methanol-chloroform extract...... ...... <0.02 
3.5 + 0.5 


nearly resemble the pH-activity curve with KG. On the other 
hand thioctic acid displays an anomalous behavior. 

The data in Table II, however, show that thioctamide, as 
such, is not the form in which thioctic acid is present in the 
enzyme. The KG-dehydrogenase does not contain any of the 
previously reported (15) water soluble forms of thioctic acid. 
Extraction of the heat-denatured residue with hot ethanol or 
methanol-chloroform mixtures and evaporation of these extracts 
vields a waxy lipide amounting to 8 to 10 per cent of the protein 
by weight. One sample of lipide which was analyzed for total 
phosphorus contained 2.2 per cent P by dry weight. Absence 
of thioctic acid in the water and methanol extracts shows that 
thioctamide is not present in the enzyme. It also excludes a 
glyceride of thioctic acid as the cofactor form existing in the en- 
zyme. A compound of thioctic acid soluble in lipide solvents 
has been obtained from Scenedesmus (16). It was suspected 
on the basis Re in paper chromatography to be a glyceride al- 
though its exact structure was not established. The final resi- 
due after the above extractions contains all of the thioctic 
acid originally present in the KG-dehydrogenase. The bound 
thioctic acid is made available in the pyruvic oxidation factor 
assay only after hydrolysis with acid or base. It seems highly 
probable that thioctic acid is present as a thioctyl (carboxyl) 
derivative in the enzyme. It may be a substituted thioctamide 
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where one of the hydrogens of the amide is replaced by some 
other group. Reed (17) has arrived at similar conclusions from 
a completely different type of evidence. 

The experimental conditions for the determination of the 
equilibrium constant at pH 7.1 


[K’ = (DPNH)(—S:) /(DPN)(—S:H))| 


are shown in Table III together with illustrative data. The 
average of 12 determinations in the direction of reduction of 
thioctamide by DPNH was 0.110, the extreme values being 0.070 
and 0.174. Five estimations in the reverse direction gave an 
average value for A’ of 0.144 with a spread from 0.088 to 0.250. 
The equilibrium with thioctic acid as the substrate was deter- 
mined in three experiments (6, 7, and 8 in Table III), and gave 
an average value of 0.127. The average of all 19 values is 0.128. 
The pH of the reaction mixture determined after each experi- 
ment varied from 7.05 to 7.17 with an average of 7.10. It ap- 
pears that substitution in the carboxyl group does not affect the 
oxidation-reduction potential of the compound. The total 
concentration of racemic mixture was used in calculating the 
equilibrium constant since it has been shown (see Fig. 2) that 
both optical isomers of thioctate are enzymatically active al- 
though with widely different rates. When excess DPNH is used 
in the experiments as in Table III with limiting amounts of p1L- 
thioctamide, the amount of DPNH oxidized exceeds well over 
half of the added p.i-thioctamide, showing that both isomers of 
the amide also are active. The conditions of the experiments in 
Table III are such that both isomers are expected to react. 

Various estimates have been made for the oxidation-reduction 


III 
Equilibrium constant 

Experiments 1-3: pLt-Thioctamide and DPNH in 2.45 ml. of 
phosphate buffer at pH 7 and 22° were taken in a cuvette and the 
initial absorbance at 340 mu was read in the Beckman model DU 
spectrophotometer. The reaction was started by the addition of 
30 to 100 wg. of KG-dehydrogenase in 0.05 ml. and the absorbance 
read every 15 sec. until the reaction slowed down to a constant 
slow rate (0.003 per minute). In taking the absorbance for the 
completed reaction allowance was made for this slow continued 
rate of DPNH disappearance. Experiments 4 and 5: Reduced 
pL-thioctamide and DPN were the reactants in the amounts indi- 
cated. [:xperiments 6 and 7: pi-dithioloctanoate was the sub- 
strate. Experiment 8: pi-Thioctate. These reactions were car- 
ried out in anaerobic cuvettes under an atmosphere of nitrogen 
with 0.2 to 0.5 mg. of KG-dehydrogenase. The initial concentra- 
tions are given in wmoles per 2.5 ml. After completion of each 
reaction the pH of the solution was measured in a Beckman model 
(; pH meter. 


Experi- Initial concentrations 
ment ADPNH x - 
No. —(SH)e —S: DPN DPNH 
pumoles pumoles pmoles pmoles pmoles 
1 0.702 0.399 —0.350 | 0.141 
2 0) .936 0.456 —0.403 | 0.174 
3 0.466 0). 288 —().246 | 0.150 
4 0.203 ().288 0.073 | 0.189 
5) 0.178 0.072 0.026 | 0.099 
6 9.30 5.08 2.43 | 0.138 
7 | 0.760 | 0.260 0.097 | 0.087 
ae | 2.35 | 0.087 0.080 | 0.157 
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6 7 8 9 
pH 

Fic. 5. Relationship between pH and equilibrium constant. 
The reaction mixture consisted of 0.51 umole of thioctamide and 
0.24 of umole DPNH in 3.0 ml. of 0.05 m phosphate containing 
0.003 mM ethylenediaminetetraacetate. DPNH oxidation was 
followed after the addition of 120 wg. of dehydrogenase until 
equilibrium was attained. 


potential of the thioctic dithiol-disulfide couple (18, 19). The 
direct spectrophotometric determination of the extent of the re- 
action with the DPN-DPNH couple, whose potential is known 
to be —320 mv. (20), provides a convenient method for calculat- 
ing the potential. The difference in standard potential of the 
two half-reactions should be related to the equilibrium constant 
of the reaction between the couples by the equation: AE) = 
(RT/nF) In K’. Since the average K’ is 0.128, AEy = 0.029 x 
log .128 = —26mv. Therefore, the /o for the thioctic dithiol- 
disulfide couple is calculated to —294 mv. at pH 7.1 and 22°. 
This value is slightly higher than the —325 mv. obtained by 
polarigraphic measurements (21). 

In the determination of the equilibrium constant with thioc- 
tate, a relatively large amount of enzyme is necessary to com- 
plete the measurements in a reasonably short time. The ex- 
periments were performed in an atmosphere of nitrogen in order 
to avoid complications from the aerobic oxidation of DPNH 
which becomes serious under these conditions. No such problem 
arises with thioctamide. 

A proton appears in Equation 2 as in any dehydrogenase re- 
action with a pyridine nucleotide. The equilibrium constant 
(K’ written as above, neglecting the H*) should, therefore, be 
dependent on the pH at which the measurement is made. A 
change in pH by one unit should produce a 10-fold change in 
the AK’, or a plot of pH against log A’ should be a straight line. 
Such a relationship has been observed in the case of alcohol and 
lactic dehydrogenases (22). Fig. 5 shows the plot of pH versus 
log K’ for the reduction of thioctamide by DPNH. An S8- 
shaped curve would appear to fit the experimental points better 
than the theoretical line with a slope equal to one shown in the 
figure. The distribution of the points in the shape of the curve 
is reproducible and probably significant. The inflection of the 
curve below pH 7 is not due to destruction of DPNH since in 
parallel experiments no change in DPNH was detected in the 
time taken to make the equilibrium measurements. Ke (21) 
also reported that the plot of the potential of the thioctic couple 
against pH was a “curve bent into two sections” with different 
slopes. He observed an inflection at pH 9.85, presumably be- 


cause of the ionization of one of the thiols. 


EXPERIMENTAL 


- pt-Thioctie acid was obtained from the Mann Research Labo- 
_ ratories, Inc., CoA from the Pabst Laboratories, and DPN and 
DPNH from the Sigma Chemical Company. 


The optical iso- 
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mers of thioctic acid as well as the thioctamide used in earlier 
studies were gifts from Dr. A. Wagner of the Research Labora- 
tories of Merck and Company, Inc. Subsequently, pi-thioct- 
amide was synthesized by an unpublished method of Dr. L. J. 
Reed. The thioctamide was usually dissolved fresh in redistilled 
ethanol to make 0.01 to .05 m solutions, and aliquots were added 
to the aqueous reaction mixture. Dithioloctanoic acid was pre- 
pared by reduction of thioctic acid with sodium borohydride (25) 
followed by extraction into benzene and back into bicarbonate 
solution. Thioctamide was reduced in 30 per cent ethanol with 
borohydride and the excess reducing agent was destroyed by 
acidification. The solution was neutralized with the sodium 
bicarbonate and used immediately. The concentration of the 
dithiol was determined by reaction with excess potassium ferri- 
cyanide. Every molecule of the dithioloctanoate reduces 2 
molecules of ferricyanide (8). The residual ferricyanide was 
estimated by its absorption at 410 my. ptL-Thiocty! (lipoyl) 
glycine was a gift from Dr. L. J. Reed. 

KG-dehydrogenase was obtained from hog heart muscle (7) 
and routinely subjected to isoelectric precipitation (26). It was 
assayed by measuring the rate of reduction of DPN at 30° in a 
reaction mixture consisting of 150 wmoles of phosphate at pH 
7.4, 10 wmoles of cysteine, 5 umoles of KG, 0.3 umole of DPN, 
and 0.2 mg. of CoA in 3.0 ml. The activities of the preparations 
ranged from 4.2 to 5.8 wumoles DPN reduced per minute per mg. 
of protein. Lactic dehydrogenase was prepared from rabbit 
skeletal muscle (27). 

The assay of thioctic acid was done by measuring stimulation 
of pyruvate oxidation in thioctic-deficient Streptococcus faecalis 
10Cl cells. The protein samples were hydrolyzed by autoclaving 
at pH 13 in an atmosphere of nitrogen (28). pi-Thioctic acid 
was used as the standard, but the data are expressed only in 
terms of the active (+)-isomer assuming that the enzyme con- 
tained only this isomer and that no racemization occurred during 
the hydrolysis. Recovery experiments with known amounts of 
thioctic acid have confirmed the validity of the assumption. 
DPNH was measured by its absorption at 340 my in the Beck- 
man model DU or DUR spectrophotometer. Anaerobic experi- 
ments were carried out in specially designed Pyrex cuvettes 
provided with a side arm and a standard taper joint which was 
connected with a 2-way stopcock for evacuation and entry of 
nitrogen. 


DISCUSSION 


Several differences in the properties of the E. coli enzyme (Frac- 
tion B) and the mammalian KG-dehydrogenase with respect to 
thioctic dehydrogenase activity have been pointed out. The 
differences may be related to the fact that the bacterial enzyme 
contains no bound thioctic acid (19) whereas the mammalian 
enzyme does have tightly bound thioctic acid. It is evident 
from inhibition studies with arsenite (13, 14) that the thioctie 
dehydrogenase activity of the latter is mediated through the 
bound cofactor. The DPNH reduces the bound disulfide which 
in turn reduces the external disulfide presumably by an exchange 
reaction of the type shown in Equation 4, where the brackets 
indicate the enzyme-bound compound. The differences in be- 
havior of the various thioctyl derivatives in the reaction with 
DPNH, seen in Figs. 3 and 4 and Table I, could merely reflect 
the ease or difficulty of interaction between external .disulfide 
and bound dithiol since in all these reactions the first step 
(namely, reduction of bound disulfide by DPNH) is common. 
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The fact that (—)-thioctate is only weakly active may indicate 
that mixed disulfide formation is sterically hindered with this 
isomer. 


T T 


SH HS | 
(4) 
SH 
T + T 
SH 


The aerobic oxidation of DPNH catalyzed very slowly by the 
KG-dehydrogenase (seen in Fig. 2, Curve 1) (12) may proceed 
by reduction of the enzyme-bound thioctic disulfide and subse- 
quent oxidation of the dithiol by molecular oxygen. 

Recently Reed (23) has observed in the dehydrogenase re- 
action with the bacterial enzyme also that thioctamide is more 
active than the acid. However, the differences in rate are not 
as great as would be expected under identical conditions with 
the mammalian KG-dehydrogenase. Since there is no bound 
thioctic cofactor in the bacterial enzyme, the differences, in this 
case, must be caused by enzyme specificity. 

No satisfactory explanation is available for the observation of 
Hager and Gunsalus (11) with the enzyme of FE. coli (which has 


Oxidation Reduction Function of Thioctic Acid 


Vol. 234, No. 1 


been confirmed by Goldman‘ with the enzyme from M. tuberculo- 
sis) that the reaction measured in the direction of reduction of 
thioctate by DPNH does not proceed to the same extent expected 
from the measurement in the opposite direction. The equilib- 
rium constant measured from either direction using the mamma- 
lian enzyme is the same within experimental error. The ready 
reversibility of the reaction with the KG-dehydrogenase has 
been confirmed by Gunsalus (24). 


SUMMARY 


The a-ketoglutaric dehydrogenase complex of hog heart 
catalyzes the reversible oxidation of DPNH by thioctic acid. 
The (+)-thioctic acid is far more active than the (—)-isomer 
at equal concentrations. Thioctamide is more active in the 
enzyme reaction and it saturates the enzyme at much lower 
concentrations than the acid. The optimal pH of the reaction 
is about 6.5 with thioctamide whereas the activity with the 
acid increases sharply on lowering the pH from pH 7 to 6. The 
bound thioctic acid in the dehydrogenase is not extracted by 
boiling water or hot methanol-chloroform mixture. It becomes 
available in the pyruvic oxidation factor assay only after hy- 
drolysis with acid or base. These results indicate that the 
thioctic acid is present as a carboxyl derivative in the enzyme 
but not as free thioctamide. The oxidation-reduction potential 
of the disulfide-dithiol couple of thioctamide, calculated from 
the equilibrium constant of the reaction with the DPN-DPNH 
couple, is —294 mv. at pH 7.1 and 22°. 
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VII. THE ROLE OF THIOCTIC ACID* 
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The oxidative decarboxylation of a-keto acids is believed to 
proceed in four steps shown in Equations | through 4 (1) in 
which the brackets indicate enzyme-bound compounds. The 
over-all reaction (Equation 5) has been fully documented (2-5) 
and there is satisfactory evidence for Equation 1 (6, 7) and 
Equation 4 (8-10) as intermediate steps. In this report experi- 
mental evidence is presented in support of Equations 2 and 3 
also being intermediate reactions in the over-all a-keto acid 


oxidation. A preliminary report of this work has been published 
elsewhere (11). 
R—CO—COOH +s [R—CHO] + CO, (1) 
i S—CO—R- 
[R—CHO] + | T (2) 
| 
T + CoASH — ; T 
(3) 
+ CoAS—CO—R 
4 SH | 3 
T + DPN* >= + DPNH + Ht (4) 
\ 


R—CO—COOH + CoASH + DPN* — 
CoAS—CO—R + DPNH + H* + CO: 


(5) 


RESULTS 


The proposed formation of acetyl enzyme in pyruvate oxida- 
tion and succinyl enzyme in Kg! oxidation had only indirect 


* This work was supported by the American Heart Association, 
the Williams-Waterman Fund of the Research Corporation, and 
a grant (G-2654) from the National Science Foundation. A 
preliminary report was presented at the meeting of the Ameri- 
can Chemical Society in San Francisco, April 1958. 

t This work was carried out during the tenure of an Established 
Investigatorship from the American Heart Association. Present 


_ address, Gerontology Branch, National Heart Institute, Balti- 
~ more City Hospitals, Baltimore 24, Maryland. 


1The abbreviations used are: TS2, 6,8-thioctic (a-lipoic) acid; 


 T(SH)2, dithioloctanoic acid; KG, a-ketoglutarate; BAL, British 
_ anti-Lewisite (2,3-dimercaptopropanol). 
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and questionable experimental support (12, 13). When it was 
shown that thioctic acid had disulfide linkage it was proposed 
that the acyl may be attached as a high-energy thiol ester to the 
enzyme-bound reduced thioctic cofactor (12, 14-16). Evidence 
consistent with the formation of succinyl in the absence of CoA 
in KG oxidation has been obtained now by the isolation of C%- 
labeled succinohydroxamate from an incubation mixture con- 
sisting of a large excess of the highly purified KG-dehydrogenase 
(17), KG labeled with C" in the y-carboxyl group, and hydroxyl- 
amine (Table I). A negligible amount of hydroxamate was 
produced with the heat-inactivated enzyme. The absence of 
CoA in the dehydrogenase has been established previously in 
the microbiological assay for pantothenic acid, the treatment 
with Dowex 1 or Norit which results in no change in specific 
activity (17), and the absolute requirement for added CoA in 
oxidations coupled to succinyl! CoA deacylase (18) or succinic 
thiokinase (5, 19). In other experiments we have found that 
the minimal system for aerobic hydroxamate formation from 
KG consists of the dehydrogenase and hydroxylamine. It is 
probable that the reactive succinyl may be bound to the enzyme? 
complex. Although the above experiments do not distinguish 
between succinyl bound to the apoenzyme and that bound to one 
of the attached cofactors (4), the inhibition studies with arsenite 
described below would support the latter explanation. 

It is conceivable that the oxime which would be in equilibrium 
with the a-keto acid and hydroxylamine undergoes oxidative 
decarboxylation directly to succinohydroxamate by the large 
amount of enzyme. The authors consider this possibility ex- 
tremely unlikely. It is pertinent to note that DPN is reduced by 
KG in the presence of 0.5 m hydroxylamine (and catalytic 
amounts of dehydrogenase) only if CoA is present and at a rate 
that is approximately 40 per cent of the rate observed in the ab- 
sence of hydroxylamine. This would indicate that even with 
excess hydroxylamine present there is enough free KG to undergo 
oxidative decarboxylation to succinyl CoA. The reaction 
would be independent of CoA if the oxime should reduce DPN 
directly. On the other hand, the possibility that the oxygen in 
the medium, in preference to DPN, would oxidize the oxime to 
the hydroxamate cannot be excluded. 

Attempts to transfer the succinyl group to external thioctate 
or thioctamide or to the corresponding reduced compounds 
added in substrate amounts (with or without added DPN) 
were unsuccessful. Three methods were used to detect any 


2 The enzyme here refers to the apoenzyme together with the 
tightly bound cofactors. 
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TABLE I 
Succinyl enzyme intermediate 

The complete system contained KG-dehydrogenase (90 mg.), 
C'-KG (10 umoles, 1.9 X 10° ¢.p.m.), DPN (0.5 umole), NH2OH 
(2.4 mmoles), cysteine (13 wmoles), and phosphate (180 wmoles) in 
5.4ml. at pH 7.4. The enzyme was heated in boiling water for 3 
min. for the control. The tubes were incubated for 30 min. at 30° 
and then cooled in ice. 9.6 wmoles of succinohydroxamate pre- 
pared from succinic anhydride were added to each sample and the 
pH was taken to 9.6 with KOH. See ‘‘Experimental’’ for the 

isolation of suecinohydroxamie acid. 


Succinohydroxamate 
c.p.m./pmole | 
385 0.15 


Complete, heated enzyme........... | 


succinyl! thioctate that might be formed: (a) hydroxamic acid 
reaction with ferric chloride (20), (6) absorption of the thiol 
ester at 232 my (21), and (c) a shift in the equilibrium of the 
reaction of DPNH with thioctate or thioctamide (10) which 
would result if one of the reactants is converted to succinyl 
thioctate. The inability to synthesize succinyl thioctate was 
unexpected since the formation of an acid stable thiol ester from 
pyruvate and external thioctate in the analogous pyruvic de- 
hydrogenase system of FE. coli has been reported by Gunsalus 
and Smith (22). However, we have been unable to repeat their 
experiments using similar enzyme preparations from the same 
strain of F. coli. A possible explanation for the discrepancy is 
indicated in ‘‘Discussion.”’ 


S—CO—R 


CoAS—CO—R + T + CoASH (6) 


Gunsalus et al. (23) have demonstrated in EF. coli a thioctic 
transacetylase which yields acetyl-S-dithioloctanoate from acetyl 
CoA. This activity is present in Fraction A of the pyruvic 
dehydrogenase system. The reaction catalyzed by this enzyme, 
described by Equation 6, is similar to Equation 3 except that 
the thioctate is not enzyme bound but added in substrate 
amounts. Experiments designed to detect a similar activity in 
the purified KG-dehydrogenase from hog heart have failed. 
No indication of the formation of a thiol ester has been obtained 
from succinyl CoA and the reduced thioctate or thioctamide in 
the presence of the dehydrogenase. The succinyl CoA for these 
experiments was generated from inosine diphosphate, CoA, and 


TAaBLeE II 


Separation of dithioloctanoic transacetylase from 
E. coli pyruvic dehydrogenase 


Thioctic Acid in a-Ketoglutarate Oxidation 


| 
| genase dehydrogenase 
| pmoles/min./mg. 
| After 108 <0.5 | <0.005 
2 | Before 33 et ie 0.22 
After 110 <0.1 


<0.001 
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succinate by a purified preparation of succinic thiokinase (24). 
The three methods used to detect the succinyl! thiol ester have 
been mentioned previously. Since all available evidence indi- 
cated that the mechanism of pyruvate and KG oxidation were 
similar, it seemed likely that the dithiol transacetylase activity 
observed in EF. coli preparations (23) was not a component of 
pyruvic dehydrogenase. In order to test this possibility, sonie 
extracts of F. coli, Crookes strain, were fractionated with pro- 
tumine sulfate and ammonium sulfate as described by Hager (21). 
The fraction that precipitated in the region of 0.40 to 0.48 satura- 
tion (Fraction A) had dithiol transacetylase activity (Table IT). 
The ratio of the two activities was roughly the same as that 
found by Hager (21). On further purification of the pyruvie 
dehydrogenase by absorption on calcium phosphate gel, however, 
the transacetylase activity was almost entirely removed. The 
adsorption, washing, and elution were done as described by 
Hager (21). The specific activity of pyruvic dehydrogenase in 
the eluate was only one-third of that obtained by Hager and the 
recoveries were also low (only 20 per cent). However, this 
fraction was active in pyruvate dismutation assay only in the 
presence of Fraction B (dithioloctanoic dehydrogenase), and the 
product of the oxidation in the presence of phosphotransacetylase 
from C. kluyvert (25) was acetyl phosphate. There was also a 
stoichiometric relationship between the CO: production and 
acetyl phosphate formed. The Fraction B had no dithiol 
transacetylase activity. 

The specificity of the dithiol transacetylase from EF. colt with 
respect to the substrate has been studied. The enzyme fraction 
(3.5 mg.) gave 2.66 umoles of acid-stable thiol ester with dithiol- 
octanoate but less than 0.01 umole with glutathione, mercapto- 
ethanol, thioglycollic acid, and N ,.V-diethylmercaptoethylamine 
under the same conditions. These results are essentially the 
same as those obtained by Barton (26) and strongly suggest that 
the enzyme is different from the thiol transacetylase of C. kluyvert 
or pigeon liver (27). The latter enzyme showed highest activity 
with mercaptoethanol and less activity with glutathione and di- 
thioloctanoate. 

The strong inhibition of pyruvate oxidation in brain by arse- 
nite and its reversal by dithiols, but not by monothiols, led to 
tbe postulate that a dithiol was involved in pyruvate oxidation 
(28, 29). It is now recognized that the sensitive dithiol may arise 
from the enzyme-bound thioctic acid (14, 30). Although the 
presence of thioctic acid in the purified mammalian KG-dehydro- 
genase has been known for some time (17), it is only recently 
that some evidence has been presented for its participation in 
KG oxidation (9, 10). The strong inhibition by arsenite of the 
enzymatic oxidation of KG by DPN in the presence of Cod, 
shown in Fig. 1.4, provides additional evidence for the function- 
ing of the thioctic acid. BAL, 1,3-dithiopropane, and dithiol- 
octanoate at 1 x 10-3 mM reverse the arsenite inhibition, but 
monothiols (glutathione and cysteine) at 10-? mM are ineffective. 
In fact, in the experiments in Fig. 14, 3.3 x 10-3 mM cysteine was 
present throughout and no protection was observed. 

Another reagent that seems to be equally specific for binding 
dithiols is cadmium ion. First indication of this selective affinity 


came from the observation that the uncoupling by Cd++ of ox- 
dative phosphorylation in mitochondria was overcome by dr 
Fig. 1B shows that Cd** | 
is also a potent inhibitor of the enzymatic oxidation of KG. — 


thiols but not by monothiols (31). 


The inhibition is relieved by 10-3? m BAL but not by 10°? 
glutathione or cysteine. 
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Es RRS ae oxidation. If the succinyl that is now known to be produced 
> A from KG (Table I) were attached to some other group on the 
% | = 80} enzyme, CoA would not be required in the preincubation system 
to obtain the inhibited enzyme. 
“i ae Another method for reducing the bound thioctic acid is by 
f € “a the use of DPNH according to Equation 4. Preincubation of 
" O KG-dehydrogenase with arsenite in the presence of DPNH, 
se aie S but not of DPN, results in the formation of the inhibited enzyme 
) ° (Fig. 3). As expected the inhibition is relieved by the addition 
0 25 5.10 30x10°M - of BAL. 
“ pecans ae a-Keto Acid Oxidation by Artificial Electron Acceptors 
Fic. 1. Effect of arsenite and cadmium on the oxidation of 
- a-ketoglutarate. The KG-dehydrogenase (30 wg.) was added Che oxidation of a-keto acids in the presence of the appropri- 
T, to a cuvette containing 50 wmoles of phosphate at pH 7.3, 10 ate dehydrogenase by oxidants such as methylene blue, 2,6-di- 
he ymoles of cysteine, 0.4 mg. of CoA, 5 wmoles of KG and arsenite ¢hlorophenol indophenol, or ferricyanide does not require DPN 
NY or cadmium chloride, as indicated, in 3.0 ml. at 30°. The re- or CoA. The involvement of thioctic acid in such systems is 
action was started by the final addition of 0.3 wmole of DPN, and ; : RES ; 
in the absorbance at 340 mu was followed in the Beckman mode! evident from the observation that thioctic-deficient Streptococcus 
he DUR spectrophotometer. The rate of DPN reduction was cal- faecalis cells require added thioctic acid for the activity (21). 
is culated from the initial velocity. The solid lines indicate the The site where these oxidants intercept in the sequence of inter- 
he 4 and the mediate steps has not been identified. Since the reaction is in- 
duction o N. For the assay in 
me yea pore aa Maegan iaaiions consisted of 200 umoles of dependent of CoA, it would appear that the thiol ester is de- 
_ phosphate at pH 7.0, 5 umoles of KG, 0.5 mg. of dehydrogenase acylated and oxidized at the same time. 
ya and arsenite or cadmium chloride, as indicated, in 3.0 ml. After In Fig. 1A it is seen that, whereas the oxidation of KG by 
nd the final addition of 0.03 ml. of a 0.1 per cent solution of 2,6-di- [PN is inhibited strongly by 10-* m arsenite, the dye or ferri- 
io] chlorophenol indophenol the absorbance at 600 my was recorded .vanide reaction is unaffected at the same levels. However, 
as above. The broken lines indicate the relationship between ; ' e ; 
inhibitor concentration and per cent of original activity observed | With much higher levels of arsenite (3 < 10-? M) the reduction 
ith in indophenol reduction. The effect of arsenite and Cd++ on of the dye is inhibited slightly (20 to 40 per cent) (17). Cad- 
ion ferricyanide reduction was measured in a similar manner. The  mium ion produces inhibition with the dye even at low levels 
iol ferricyanide (3 umoles) was added last and the reaction was byt the inhibition curve breaks at 30 to 40 per cent inhibition, 
ho. measured by the absorbance change at 410 mz. The data are 
‘a not shown in the figure but explained in the text. 
hat The high sensitivity of the KG-dehydrogenase to arsenite has 
vert provided a means for elucidating the role of the thioctic acid 2 0.15 Tg 34 4 
rity that is tightly bound to the KG-dehydrogenase (10). Fig. 2 & 
di- shows a study of the conditions necessary to obtain the inhibited S oo - 
enzyme. During the preincubation in order to synthesize the 8 
rse- inhibited enzyme 10-4 M arsenite is present together with the <j 005+ 
1to | other indicated components. The turnover of the enzyme is 
tion | limited by the absence of DPN. In order to measure the ac- 
rise | tivity of the enzyme, 0.02 ml. of the preincubation mixture is 50 100 SO 100 
the } added to a complete reaction mixture, including DPN, in 3.0 Time (Sec.) 
dro- | ml. Asa result of the dilution the concentration of arsenite drops ae 
ntly | to7 10-7 M, a level which is too low to inhibit significantly the d 
ehydrogenase. The preincubation mixture for Curve 1 consisted 
nin enzyme if it is not already inhibited during preincubation (see of 0.1 umole of KG, 40 ug. of CoA, 2 umoles of cysteine, 10 zmoles 
‘the | Fig. 14). It is shown in Fig. 2 (Curve 1) that inhibited enzyme — of phosphate at pH 7.2, 0.04 umole of sodium arsenite, and 0.41 
‘oA, | Js formed only if the preincubation system contains both KG mg. KG-dehydrogenase in 0.4 ml. After incubation at 22° for 
ion | and CoA in addition to arsenite. If either KG (Curve 4) or 3 Minutes, 0.02 ml. of the mixture was added to a cuvette con- 
taining 5 wmoles of KG, 0.4 mg. of CoA, 10 umoles of cysteine, 
hiol- | CoA (Curve 5) is not present during preincubation the rate of 50 umoles of phosphate at pH 7.4, and 0.3 umole of DPN in 3.0 
but | DPN reduction is the same as when arsenite is omitted from the ml. The absorbance at 340 my was recorded on the Beckman 
tive. | preincubation but added to the final reaction mixture at 7 x 10-7 model DUR spectrophotometer. Curve 2—Similar to Curve 1 
was | M (Curve 3). The slight increase in rate of DPN reduction with ¢@XcePt 0.2 umole of BAL was added after 1 minute. Curve 3— 
time in Curve 1 may indicate the dissociation of the arsenite- te 
mixture at 7 Curve 4—No KG in preincubation mixture. 
ling dithiol complex either as a result of dilution or of competition Curve 5—No CoA in preincubation mixture. 
inity with DPN. Curve 2 shows the reversal of inhibition by the ad- Fig. 3 (right). DPNH for the preparation of arsenite inhibited 
ox — dition of B AL. a-ketoglutaric dehydrogenase. The preincubation mixture for 
Curve 1 consisted of 0.05 umole of DPNH, 10 umoles of phosphate, 
Mite 1e reasonable assumption is granted that arsenite inhibits 0.38 mg. of KG-dehydrogenase. and 0.06 umole of arsenite in 0.4 
Cd" oxidation by binding the dithiol, these results show that both m™l. Curve 3: DPN instead of DPNH. Curve 4: No DPN or 
KG. | KG and CoA are required to reduce the thioctic disulfide. Equa- 
2 : the data for Curve 2. The other experimental conditions were 


tions 2 and 3 thus gain support as components of the over-all 


as in Fig. 2. 
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and further increase in Cd*+* concentration produces less effect 
(Fig. 1B). With ferricyanide as the oxidant the results were 
similar to those with the indophenol as the acceptor. Arsenite 
did not affect ferricyanide reduction whereas Cd*++ gave partial 
inactivation; the inhibition curve showed a break at 50 per 
cent inhibition as in Fig. 1B. These quantitative differences 
in the degree of inhibition and the break in the inhibition curve 
with Cd++ may indicate the existence of more than one site 
for the oxidation or a competition between dithiol complexing 
agents (arsenite and Cd**) and dithiol oxidizing compounds 
(DPN and dyes). In any case, the mechanism of oxidation 
by the artificial electron acceptors is by no means entirely clear. 

The purified KG-dehydrogenase is also capable of catalyzing 
the oxidation of DPNH by methylene blue or 2,6-dichlorophenol 
indophenol (17). These results have been confirmed and ex- 
tended to include molecular oxygen also as an electron acceptor 
although the rate of oxidation with oxygen is much slower (82). 
This activity seems to be an integral part of the dehydrogenase. 
These artificial acceptors probably reoxidize the bound dithiol- 
octanoic acid which is produced by DPNH (Fig. 3). The oxida- 
tion of DPNH by 2,6-dichlorophenol indophenol is not inhibited 
by 3 X 10-4 M arsenite or Cd** although thioctic acid apparently 
participates in the reaction. The effect of arsenite is the same 
as in KG oxidation by the dye; however, the effect of Cd*++ is 
slightly different in KG oxidation (see Fig. 1B). 


EXPERIMENTAL 


The sources of the chemicals and the preparation of KG-de- 
hydrogenase have been indicated previously (10). 

The Escherichia coli, Crookes strain (National Type Culture 
Collection number 8739), were grown with the help of Dr. 
Edward A. Adelberg as described by Hager (21). The cells 
were broken in a 10 kc. Raytheon sonic oscillator and the ex- 
tracts were fractionated. We are indebted to Dr. H. A. Barker 
for permission to use the oscillator. Pyruvic dehydrogenase 
was assayed in a coupled dismutation system. The CQz lib- 
erated was measured manometrically and, in some cases, the 
acetyl phosphate was also determined colorimetrically (20). 
The dithiol transacetylase was assayed using acetyl phosphate 
and phosphotransacetylase to generate acetyl CoA. The 
Clostridium kluyveri cells were generously provided by Dr. H. A. 
Barker. 

For the isolation of succinohydroxamate (Table I) the reac- 
tion mixture at pH 9.6 was passed through a Dowex 1 (Cl-) 
column (1 by 5.5 em.) (34). The column was washed with dis- 
tilled water until the absorbance of the washings at 280 my 
was near zero. The hydroxamic acid was eluted with 10 column 
volumes of 0.01 N acetic acid. The eluate was evaporated 
to dryness under reduced pressure, and the residue was ex- 
tracted three times with 2 ml. of absolute ethanol. The com- 
bined ethanol extract was concentrated to a small volume and 
applied to Whatman No. 52 (acid washed) paper. The solvent 
system was butanol saturated with water (35). The Ry of 
succinohydroxamic acid under these conditions was 0.28 to 0.33. 
Previously an R, of 0.10 was obtained with Whatman No. 1 
paper that had not been washed with acid. Wainfan and Van 
Bruggen (36) have reported an Ry of 0.27 in butanol-acetic 
acid using acid-washed Whatman No. 1 paper. Apparently 
the Rp has a critical dependence on cationic impurities in the 
paper. The position of the succinohydroxamic acid was de- 
termined by spraying a narrow test strip with ferric chloride in 
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alcoholic HCl. The hydroxamic acid was eluted with water or 
95 per cent ethanol, evaporated on aluminum planchets, and 
counted. The amount on the planchet was determined colori- 
metrically (20) for the calculation of the specific activity. 


DISCUSSION 


It is believed that the enzymatic oxidation of a-keto acids 
to acyl-CoA proceeds in four distinct steps. The exchange of 
CQ. with the a-carboxyl of the keto acid provides evidence 
for the first step (Equation 1) (6, 7). The slow formation of 
succinic semialdehyde from KG is evidently due to breakdown 
of the aldehyde-enzyme complex (presumably aldehyde-di- 
phosphothiamin-enzyme). With the pyruvic dehydrogenase 
two molecules of bound aldehyde combine to form acetyl methy] 
earbinol (3). 

In the second and oxidative step of the scheme the bound 
aldehyde is presumed to react with the enzyme-bound thioctic 
disulfide to form acyl-S-dithiol octanoate (Equation 2). The 
data in Table I are consistent with the reaction since thiol esters 
are high-energy compounds capable of reacting with hydrox- 
ylamine at neutral pH. It is seen that the yield of hydroxamate 
is lower in the presence of DPN. The DPN is probably reduced 
first by the dithiol. The DPNH would then keep part of the 
thioctic on the enzyme in the reduced form. <A net decrease 
in succinyl may result since only the disulfide form of thioctic 
acid can react with KG. Since the yield of succinohydroxamate 
is far in excess of the added dehydrogenase the enzyme is a 
catalytic component. The formation of hydroxamate may be 
the result of Equations 1, 2, 7, and 8 in sequence. The ultimate 
acceptor is probably molecular oxygen since Huennekens et al. 
(32) have shown that the enzyme is capable of reacting with 
oxygen. We have confirmed these results and found that the 
reaction with oxygen (with DPNH as the substrate) is inhibited 
by arsenite which implicates enzyme bound dithioloctanoate 
as the cofactor. 

S—CO—R 
T + NH:OH 


SH 


+ R—CO—NHOH 


T + 30. — + H:O (8) 


T 
SH 
The requirement for CoA in order to make both dithiols free for 
arsenite binding (Fig. 2) is consistent with the third step (Equa- 
tion 3), namely, transacetylation with CoA. In the final reaction 
(Equation 4) the dithiol is reoxidized to the disulfide by DPN. 
Evidence for this reaction has been discussed previously (9, 10). 
It is also supported by the observation that arsenite-bound 


enzyme may be synthesized by the use of DPNH to reduce the 
bound thioctic acid (Fig. 3). Therefore, evidence is now avail- 


able for each of the proposed steps in the oxidative decarboxyla- 
tion of a-keto acids. 
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The intermediate reactions seem to occur within the enzyme 
complex. Apparently, the intermediate compounds (succinic 
semialdehyde or succiny]-S-dithioloctanoate or dithioloctanoate) 
do not dissociate from the protein to any significant extent. 
Although the steps have been depicted as separate reactions 
(Equations 1 to 4) the exact number of enzymes involved is not 
known. Under certain conditions the F. colt a-keto acid de- 
hydrogenases may be obtained as two independent fractions 
referred to as Fractions A and B (21). We have indicated 
previously that this separation is not obligatory, and that under 
different conditions the pyruvic dehydrogenase from F. colt 
is obtained as a complex which precipitates at low saturation 
with ammonium sulfate (10). The occurrence of a dithiol- 
octanoic transacetylase as a distinct enzyme and its high sub- 
strate specificity would suggest that perhaps it also is derived 
from the disintegration of the complex. When the transacetylase 
is within the complex it may be active only with the enzyme- 
bound dithioloctanoate, but when it breaks loose it may utilize 
the external dithiol as a substrate. It is conceivable that the 
acetylation of external thioctate by pyruvate reported by 
Gunsalus and Smith (22) might have occurred indirectly, first, 
by acetylation of contaminating traces of CoA (Equations 1 
to 3), then by reduction of the external thioctate by the enzyme- 
bound reduced thioctic acid (Equation 8), and finally by transfer 
of the acetyl from acetyl CoA to the external dithiol (Equation 
6). There is evidence for each of these steps. 


SH” 


SH 


+ TS; + T (9) 


SH 
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It is interesting and significant that the inhibition of KG 
oxidation by dithiol-binding agents (arsenite or Cd*++) depends 
on the type of oxidant used. The reaction with DPN is strongly 
inhibited but the oxidation by 2,6-dichlorophenol indophenol 
or ferricyanide is insensitive to arsenite and partially sensitive 
to Cd*+*+. The oxidation of DPNH by dyes, which is mediated 
by the bound thioctic acid, is also insensitive. The sensitivity 
to low concentrations (10-4 mM) of arsenite has been used as a 
diagnostic for reactions involving thioctic acid. For example, 
Arnon et al. (33) have concluded that thioctic acid is not in- 
volved in the Hill reaction since it is not inhibited by arsenite. 
Our results emphasize the need for caution in the interpretation 
of such experiments. 


SUMMARY 


In the oxidative decarboxylation of a-ketoglutarate, a re- 
active succinyl, presumably attached to the enzyme or one of 
its bound cofactors, is formed as an intermediate. The succiny] 
is then transferred to coenzyme A. The requirement for co- 
enzyme A, in addition to a-ketoglutarate, in order to obtain 
the arsenite inhibited form of the dehydrogenase, indicates 
that the succinyl is probably present as succinyl-S-dithioloc- 
tanoate. The transfer of the succinyl to the coenzyme A renders 
the dithiol free to react with the arsenite. The arsenite-bound 
enzyme may also be obtained in the presence of reduced diphos- 
phopyridine nucleotide which reduces the bound thioctie acid 
to the dithiol. 

Cadmium ion is also an effective inhibitor for a-ketoglutarate 
oxidation and acts in the same manner as arsenite. Although 
the oxidation of a-ketoglutarate by diphosphopyridine nucleo- 
tide to form succinyl coenzyme A is strongly inhibited by ar- 
senite, the oxidation by ferricyanide or 2,6-dichlorophenol 
indophenol is not affected at the same concentrations of arsenite. 
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The Effect of Temperature on the Oxidation-Reduction 
Potential of the Diphosphopyridine Nucleotide System* 
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A number of investigators have estimated the oxidation- 
reduction potential of the diphosphopyridine nucleotide (DPN) 
system from equilibrium and thermal data (1-4). These data 
were obtained at several different temperatures ranging from 
25-38°. Therefore, the results are not strictly comparable. The 
potential of the DPN system at 30° has been measured in this 
laboratory by potentiometric techniques (5). In order to com- 
pare the potentials determined at different temperatures and to 
calculate the standard enthalpy change for the reduction of 
DPN*, the temperature coefficient of the potentials of the DPN 
system has been measured and calculated for two standard 
states. 


EXPERIMENTAL 


Materials —Oxidized DPN was obtained from the Pabst 
Laboratories. The sample was 89 per cent pure as indicated 
by the cyanide assay procedure of Colowick et al. (6). The 
~ DPNH was obtained from Sigma Chemical Company and was 
86 per cent pure as indicated by measurement of the absorption 
at 340 mu. The extinction coefficient for DPNH given by 
Horecker and Kornberg (7) was used. Benzyl viologen, ob- 
tained from The British Drug Houses, Ltd., was used as an 
electromotively active mediator. Buffer solutions (0.1 mM) were 
prepared from tris({hydroxymethyl)aminomethane and _ hydro- 
chloric acid. Xanthine oxidase, prepared from cream by the 
method of Ball (8), served to hasten the attainment of equilib- 
rium between the electromotively active dve and the DPN 
system. Nitrogen, freed of oxygen by the method previously 
described (5), was used to establish and maintain anaerobic 
conditions during the measurement of potentials. 

Apparatus—Temperature was maintained to +0.05° in an 
18-l. cylindrical water bath, equipped with cooling coils, electric 
heaters, thermoregulators, and a circulating pump. A 0.1 N 
KCl-calomel electrode was used as the reference half. cell. 
Potentials were measured with a Leeds and Northrup potentiom- 
eter No. 7660 and were recorded in absolute volts. 

Three half cells were assembled in the water bath as follows. 
The reference 0.1 N KCl-calomel electrode (1), a hydrogen elec- 
trode containing 0.1 N acetic acid plus 0.1 N sodium acetate (II), 
and the half cell containing the DPN system (III). This half 
cel] contained two bright platinum electrodes (1 x 1.5 em.) and 
a glass electrode. The glass electrode was shown by careful 
calibration to respond in a linear fashion to changes in pH up to 


* This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University. 

+ Present address: Division of Chemistry, Naval Medical Re- 
search Institute, Bethesda, Maryland. 


pH 9.5. The three half cells were connected by saturated KC] 
salt bridges of the asbestos wick type maintained under slight 
positive pressure to minimize diffusion of the cell contents into 
the asbestos wick. The cells were arranged so that the potential 
of the calomel electrode could be measured against the hydrogen 
electrode of Half Cell II or the DPN system in Half Cell III. 
In addition, the pH of the DPN solution was determined by 
measuring the potential between the glass electrode in the DPN 
solution and the calomel electrode at each temperature. Stand- 
ardization of the 0.1 Nn KCl-calomel! electrode was performed for 
each measurement at each temperature by measuring the poten- 
tial between this electrode and the reference hydrogen electrode. 
Measurements were made at the following temperatures: 20°, 
25°, 30°, 35°, and 40°. Hitchcock and Taylor (9, 10) have 
reported pH values of the 0.1 N sodium acetate plus 0.1 N acetic 
acid solution at 25° and 38°. From these data the pH values 


for this solution at 20°, 25°, 30°, 35°, and 40° have been taken | 


to be 4.641, 4.645, 4.649, 4.653, and 4.657, respectively. 
Procedure—The procedure for measuring the potentials of 
the DPN system by the method of mixtures was that previously 
described (5). DPN and DPNH were weighed and dissolved 
in tris(hydroxymethyl)aminomethane buffer at pH 8.5. Ap- 
proximately equimolar quantities of the oxidant and the re- 
ductant were used in a final total concentration of approxi- 
mately 1 x 10-3 Mm. 20 ml. of this solution were placed in the 
cell and the glass and platinum electrodes were put in place. 
Nitrogen was passed through the solution for 30 minutes to re- 
move oxygen. <A freshly prepared solution of benzyl viologen 
was added, without exposure of the cell to oxygen. The final 
concentration of the dye was 2 « 10-°>m. After an additional 


10-minute period of deoxygenation, 2 ml. of xanthine oxidase — 
solution containing about 6 mg. of protein were added. Care | 


was taken not to admit oxygen. The three half cells were 
placed in the water bath at 40° and allowed to come to tempera- - 
ture equilibrium. Potentials were measured between the calomel 
and platinum electrodes. Equilibrium was assumed when the 
potentials recorded at the two platinum electrodes did not differ — 
by more than 0.5 mv. and did not change by more than 1.0 mv. | 
over a 45-minute period. Appropriate potential measurements — 
were then made to standardize the calomel electrode against. 
the hydrogen electrode and to determine the pH of the DPN- 
solution by the glass electrode. | 
After measurements had been made at 40°, the thermoregula-_ 
tor was resect and the bath temperature lowered to 35°. A period 
of 30 minutes was allowed for temperature equilibrium and the 
potential measurements were repeated. The same criteria wert 
used to indicate equilibrium. 


ISS 


| 


| 
| 
| 
) 
| 
| 
i 
| 
h 
0 
tl 
t] 
ag 


— 


idase 

Care 
were 

pera- 
lomel 
n the 

differ 
mv. | 
ments 
gainst 


egula- 
period 
nd the 


a were. 


January 1959 F. L. Rodkey 189 
E’, of DPN system at various temperatures - 0.304F : 
DPN* = 4.9 X 10°4*M ‘ 4 
DPNH = 638 X 10°*M 
Apparent Eo 
-| pH ob- E E 
-O.312F 
volts volts volts volts 
20 | 8.57 | —0.353.*, —0.3490 —0.303s —0.099; 
25 | 8.48 | —0.3552 —0.3516 —0.308; —0.101; -0.316 
30 | 8.30 | —0.359, —0.355, —0.316o —0.105; 
35 | 8.16 | —0.362, —0.3582 —0.322; —0.108; = 
40 8.03 | —0.364; —0.360, —0.328, 111, * -0.320F 
a 
* Inferior digits indicate that this figure is significant to only ea , . 
about +5. 
Measurements were performed in a similar manner at 30°, 25°, : ‘ 
and 20°. When all potential data had been accumulated, a - 0.328 ‘“ 
sample of the cell contents was removed and assayed for the ; 
concentration of DPN*+ and DPNH by the spectrophotometric 
method previously used (5). - 0,332 35 35 30 35 40 


RESULTS 

Values of E’o, the mid-potentials when [DPN+] = [DPNH], 

for the DPN system at the various temperatures were calculated 
from the equation 

RT 


— | 
o + OF n 


[DPN*] 
[DPNH] 


EF, = 


by use of the observed E, at temperature 7, and the spectro- 
photometrically determined equilibrium molar concentrations 
of DPN+ and DPNH. These data are presented in Table [. 
Values for E’o at pH 7.00 were calculated from the values ob- 
tained at the observed pH by use of the theoretical slope! of the 
E’o:pH curves. The relationship for this system has previously 
(5) been shown at 30°. Figure 1 shows how the E’ of the DPN 
system at pH 7.00 varies with temperature. The data show that 
there is essentially a linear relationship throughout the tempera- 
ture range investigated. The solid line in Figure 1 represents 
the line calculated from the experimental points by the method 
of least squares. ‘The slope of this line (AE’o/AT) has the 
numerical value of —0.00131 volt per degree and represents the 
temperature coefficient of the potential of the DPN system 
under the standardized conditions where [DPN+] = [DPNH] 
and the hydrogen ion activity is | & 1077. 

It is not possible to measure the potentials of the DPN system 
in acid solution and hence the true Eo, the mid-potential at 
pH = O, cannot be determined. The apparent Eo values, 
however, may be calculated, as has been done in the last column 
of Table 1. This calculation is based on the assumptions that 
the slope of the E’o:pH curve remains constant to pH = 0 and 
that it has the theoretical slope. No allowance is made for 
changes in the species of DPN as the pH is lowered. The mid- 
potentials at pH = 0 were calculated in this manner and plotted 
against the temperature. The best line through these points 
Was calculated by the method of least squares. A slope of 
-0.000608 volt per degree was obtained for AE o/AT and repre- 


1Values used for the theoretical slope of the E’o:pH curves, 
—2.302585RT/2F, were —0.029082, —0.029578, —0.030074, 
— 0.03057, and —0.031066 for 20°, 25°, 30°, 35°, and 40° respectively. 


Temperature — “C 


Fic. 1. Effect of temperature on the oxidation-reduction po- 
tential of the DPN system. 


sents the temperature coefficient of the potential of this system 
at the standardized conditions where [DPN*+] = [DPNH] and 
unit hydrogen ion activity. 

All data recorded in Table I were derived from a single experi- 
ment. Five additional experiments were performed in which 
the effect of temperature on the E’y) at pH 7 was determined 
over a range of temperature of only 10 degrees. The AE’)/AT 
at pH 7.0 for these 5 experiments ranged from —0.00126 to 
—0.00150 with a mean value of —0.00139 volt per degree. 


DISCUSSION 


Burton (11) and Burton and Wilson (12) have calculated the 
oxidation-reduction potential of the DPN system at pH 7.0 and 
25° from equilibrium and thermal data. Two independent 
systems (acetone :isopropanol and ethanol:acetaldehyde) were 
used. A value of —0.320 + 0.004 volt was obtained. The 
value determined by potentiometric measurement, —0.317, + 
0.003 volt (5) at pH 7.0 and 30°, may be corrected to 25° by use 
of the AE’,/AT reported here. A value of —0.311. is thus 
obtained, approximately 9 mv. more positive than the value 
derived from the equilibrium measurements. The difficulties 
and uncertainties of both the equilibrium and potentiometric 
methods have been indicated by Burton and Wilson (12). No 
adequate explanation for this discrepancy can be given at pres- 
ent. Schlenk et al. (2) estimated the oxidation-reduction poten- 
tial of the DPN system at 38°. Measurements were made with 
the lactate:pyruvate system and with the ovxalacetate:1L- 
malate system. These data gave a value of —0.343 volt at pH 7 
and 38°. By use of AE’)/AT determined here, a value of —0.326 
volt is calculated at 25° and pH 7.0, in reasonable agreement 
with the data of Burton and Wilson (12). 

Knowledge of the oxidation-reduction potential of the DPN 
system permits calculation of the standard free energy change 
for the cell reaction, 


DPN* am) + Hou atmos.) + H* (anit activ.ty) 
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The standard free energy change (AG*) is given by the relation 
AG°® = —2FE where 2 is the number of electron equivalents, F 
is the faraday, 23,062.4 defined calories per volt equivalent (13), 
and Epo is the oxidation-reduction potential of the DPN system 
at pH = 0. By use of the values obtained by potentiometric 
measurement of this system at 30°, the value of AG° = +44.94 
kilocalories per mole is obtained. The standard enthalpy 
change (AH°) for the reaction may be calculated when the 
variation of the oxidation-reduction potential with temperature 
is also known. This relationship is given by the Gibbs-Helm- 


holtz equation AH® = —2FE> + 2F Tr A value of AH°® = 


— 3.56 kilocalories at 30° is calculated. The standard entropy 
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AE) 


change (AS°) is calculated from the relation AS° = 2k AT and 


is found to be —28.0 entropy units (calories per degree-mole). 


SUMMARY 


The oxidation-reduction potential of the DPN system has been 
measured as a function of temperature from 20-40°. Increasing 
the temperature causes the E’) to become more negative. At 
pH = 7.0, AE’)/AT = —0.00131 volt per degree. Extrapola- 
tion of the data to pH = O gives a calculated AE)/AT = 
—0.000608 volt per degree. The data have been used to esti- 
mate AG°, AH®, and AS° for the reduction of DPN*+ by hydrogen 


gas. 
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The relation of vitamin E deficiency diseases to the possible 
function of tocopherol as a catalyst in enzyme systems is at 
present unknown. A characteristic metabolic disturbance, 
respiratory decline, has been described in liver slices from rats 
on vitamin E-deficient diets which produce necrotic liver de- 
generation (1-3). The deficiency disease, which is produced 
conveniently by diets containing Torula yeast as the sole source 
of protein, is the result of the simultaneous lack of two main 
factors, vitamin E and Factor 3. The latter has been recognized 
as a selenium-containing compound (4). Respiratory decline 
is found during the latent phase of the deficiency, approximately 
10 days before the onset of necrosis. It consists of an inability 
of liver slices to maintain oxygen uptake for extended periods of 
incubation. Animals whose diets have been supplemented with 
vitamin E show no such decline. Supplementation with Factor 
3 will prevent the decline somewhat, but not completely. 

This paper deals with an investigation of the oxidative prop- 
erties of mitochondria of livers from deficient and supplemented 
rats, and the effect of vitamin E in regulating the succinoxidase 
system, with the aim of explaining respiratory decline in terms 
of concrete enzymatic mechanisms. Recently a catalytic role 
for vitamin E in the DPNH-cytochrome c reductase system has 
been described by Nason et al. (5, 6). The lack of correlation 
of their results with the effect of vitamin E on this system will 
also be discussed. 


EXPERIMENTAL 


In these experiments inbred weanling rats of the Fischer 344 
strain were fed a 30 per cent Torula yeast diet described else- 
where (7).!. The vitamin E-supplemented diet contained 50 mg. 
of dl-a-tocophery] acetate per 100 gm. Factor 3 was introduced 
by the addition of 15 ug. of selenium (as sodium selenite) per 
100 gm. of diet. The rats were kept on the diet from 2 to 4 
weeks. The deficient rats were used between the 13th and 17th 
days, a period which usually just precedes the onset of necrosis 


* A preliminary report on this subject has been presented be- 
fore the American Society of Biological Chemists, Philadelphia, 
April, 1958. 

1The vitamin mixture used in all diets throughout these studies 
differs slightly from that previously reported. Its composition 
is: lactose, 88.68 gm.; thiamine hydrochloride, 40 mg.; riboflavin, 
25 mg.; pyridoxine hydrochloride, 20 mg.; calcium pantothenate, 
200 mg.; choline chloride, 10 gm.; niacin, 1 gm.; menadione (2- 
methyl-1,4-napthoquinone), 10 mg.; folie acid, 20 mg.; biotin, 10 
mg.; and vitamin Bis, 1 mg. Vitamin A acetate (1 mg. per 100 
gm.) and vitamin D (0.01 mg. per 100 gm.) were added to the 
diets. 
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in the Fischer strain. However, a certain degree of statistical] 
variation is found, of course, in the time required for the pro- 
duction of the deficiency even in these highly inbred animals. 
This is reflected in the statistical variability of the results. 

The rats were killed by a blow on the head, and the livers 
were quickly removed and placed in an ice-cold, isotonic saline 
solution. The livers were then blotted on filter paper and 
weighed. A 10 per cent homogenate was prepared in 0.25 m 
sucrose. The homogenate was centrifuged at 1000 x g for 10 
minutes to remove cell debris, nuclei, and blood cells. The 
supernatant was then centrifuged at 11,000 x g for 10 min- 
utes in a Servall SS-1 centrifuge. The mitochondria thus 
obtained were washed twice and recentrifuged in 0.25 m sucrose. 
Microsomes were obtained from the original supernatant from 
the mitochondria by centrifuging at 105,000 x g in the Spinco 
preparative centrifuge for 30 minutes. Microsomes were 
washed once with sucrose. Suspensions of the cell fractions 
were made by adding 0.25 M sucrose equal in milliliters to one- 
half the weight in centigrams of the fresh liver. In most experi- 
ments with mitochondria, 0.8 ml. of this suspension which is 
the equivalent of 132 mg. of liver was used. All preparations 
were carried out between 0-4°. 

Oxygen uptake was studied in the Warburg respirometer. 
The medium contained 50 wmoles of KH2PO,;, 40 umoles of 
tris(hydroxymethyl)aminomethane, 4 ywmoles of MgCl, 14 
umoles NaF, and 30 wmoles of substrate, brought to pH 7.4 
with KOH, in a final volume of 3.0 ml. The pH of the medium 
was 7.4 and the incubation temperature was 30°. 

The intraportal injections, by which tocopherol was given, 
were performed essentially according to the method of Rodnan 
et al. (3), except for the use of ether anesthesia. The preparation 
of the tocopherol emulsion differed only in that aliquots of a 10 
per cent tocopherol in ethanol solution were used rather than 
an olive oil solution in preparing the emulsion, thus requiring 
only 10 mg. of glyceryl monostearate. 

DPNH-eytochrome c reductase activity was determined 
spectrophotometrically by a slight modification of the method 
used by Lehman and Nason (8). The reaction mixture consisted 
of 0.3 ml. of 0.01 m KCN, 0.2 ml. of 1 per cent cytochrome c, 
2.35 ml. of 0.1 mM phosphate buffer at pH 7.5, and 0.05 ml. of a 
1:10 dilution of the mitochondria or a 1:15 dilution of the 
microsomes. At zero time, 0.1 ml. of a DPNH solution con- 
taining 1.15 wmoles per ml. was added. The unit of enzyme 
activity was defined as that amount which will increase the 
optical density (AF550) by 1.00 for the interval between 1 and 3 
minutes. The results were expressed as units per mg. of mito- 
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TABLE 
Oxidation of metabolic acids in presence of 3.0 nmoles DPN* 


Diets 
30 wmoles Substrate —E, —NaSeO; +E, —Na2SeO; —E, +Na:SeO; 
ist half hour 2nd half hour Declinet ist half hour | 2nd half hour Declinet ist half hour | 2nd half hour Declinet 
% % % 
Succinate.......... 3.9 + 1.3 + 0.3 65 + 13 5.0 + 0.4 4.1 + 0.5 19+7/)5.4+1.0/ 2.2+ 0.4 54 + 10 
Fumarate.......... 0.9 -1+8 
0.8+0.2 1140.2 13 4+0.3/)18 + 0.4. 0.9402 0540.1 
Oxaloacetate + 3 | | | 
wmoles pyruvate. O+0 °#£0.7 + 0.7 | 0 0.6 | 0 0 
Pyruvate + 3 | | 
umoles malate....) 5.4 + 1.2 5.024 1.8 9+ -5 2427 3.4 3.9 
| | 
j 
(41406 43413 4141.1/36410) 1343 
| | | 
| | | | | 
a-Ketoglutarate.... 1.9 + 0.3 1.9 + 0.4 —6 + 25 2.9+09'284+06 -3 + 13 2.82+06/ 2.2 + 0.7 24+ 8 
i i i | 
*u atoms of oxygen uptake per 10 mg. of mitochondrial protein. 
+ Average of individual declines (weighted average). 
chondrial or microsomal protein. Protein was determined by T T 
the biuret method of Gornall et al. (9). dag = 
DPN and ATP were obtained from Schwarz Laboratories, Pe 
DPNH and TPN from Sigma Chemical Company, and cyto- © VITAE E SUPPLEMENTED yon 
chrome c from Nutritional Biochemical Company. a-Tocoph- 430. 
erol was obtained from Merck and Company. OVITAMIN E RATS + i 
3.04MOLES OPN 
= 
RESULTS 
420° 
Screening of Tricarborylic Acid Cycle Intermediates—To L 
ascertain a possible site of difference in the oxidative metabolism ° 
of mitochondria from supplemented and deficient animals, a 40F 410 m 
study of the oxidation of acids from the tricarboxylic acid cycle = & VITAMIN E OEFICIENT z 
was made. The rate of oxidation of 30 umoles of substrate in + RATS (8) | 
the presence of 3.0 umoles of DPN was measured at 10-minute > 30 F 4 DEFICIENT RATS + Bg 
intervals over the period of 1 hour. The oxidation in the 2nd 3.0zMOLES OPN z 
half hour was compared to that of the Ist half to determine any 2 
possible decline. Mitochondria from deficient animals (—E, o 20 F 
—NaeSeO;)* were compared to those from vitamin E-supple- ~ 
mented (+E, —NaeSeQ;), as well as to those from sodium “4 “4 
selenite-supplemented (—E, +NasSeQ;3) animals (Table I). No  w 
significant difference could be observed except in the case of = 
succinate. With succinate as a substrate, oxygen consumption 
in the animals deficient in vitamin E showed a much greater 1O-O 20-10 30-20 40-30 50-40 60-50 
decline than in those supplemented with the vitamin. Dietary TIME INTERVAL - MINUTES 


supplementation with sodium selenite as a source of Factor 3 
could not prevent this decline. The acids coming immediately 
after succinate in the cvcle, 7.¢. fumarate, malate, and oxalo- 
acetate, were poorly oxidized as compared to the other members 
of the system. 

Effect of DPN—The observed decline in succinate oxidation 
does not occur unless DPN is added to the medium (Fig. 1). 
In the absence of DPN the initial rate of oxidation as well as the 


2 The abbreviations used are: —E, vitamin E-deficient; +E, 
vitamin E-supplemented. + and — NaSeO;, sodium selenite 
added and omitted, respectively. 


Fic. 1. Comparison of succinate oxidation by liver mitochon- 
dria from rats fed a diet supplemented with vitamin E with those 
from vitamin E-deficient animals. Numbers in parentheses equal 
the number of animals used. In individual experiments, mito- 
chondria used to compare oxidation in both the absence and _ pres- 
ence of DPN were from the same given animal. Other conditions 
are described under ‘‘Experimental.’’ 


average decline are identical so that the curves with or without — 
The addition of DPN | 


induces a lower initial oxygen consumption in both types of © 


vitamin E are practically congruent. 


mitochondria. In the animals supplemented with vitamin E, 
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however, the curves for mitochondrial respiration with and 
without DPN reach the same level for the 2nd half hour of the 
experiment. This seems to indicate that the same regulatory 
mechanism is involved in both cases. When DPN is added the 
inhibitory intermediate seems to reach an equilibrium level at 
the beginning of the experiment. Without DPN, this status is 
attained only after approximately 30 minutes duration. It 
seems likely that the equilibrium may involve a balance between 
formation and removal of the inhibitor. 

In the vitamin E-deficient animal the curves with and with- 
out DPN roughly parallel each other. With addition of DPN 
the inhibition of O2 consumption proceeds until much lower 
levels are reached after 40 to 50 minutes. This may be a 
reflection of a decreased capacity to remove the inhibitor. 
Similar results were obtained with half the quantity of DPN 
(1.5 wmoles). However, when half the amount of mitochondria 
was used with 3 umoles of DPN, a precipitous drop in succinate 
oxidation by both types of mitochondria occurred, as compared 
to the oxidation without DPN. 

Reversal by Intraportal Tocopherol—The emulsified dl-a- 
tocopherol given by intraportal injection reversed the tendency 
of succinate oxidation to decline in the presence of DPN within 
30 to 40 minutes (Table II). This result is similar to that 
obtained in respiratory decline of liver slices, which has been 
shown to be preventable by approximately 200 ug. of dl-a- 
tocopherol and other tocopherol derivatives. Relatively high 
doses of tocopherol were necessary for the reversal of the mito- 
chondrial phenomenon. However, a semiquantitative analysis 
by filter paper chromatography revealed that when 1000 ug. of 
tocopherol were given by intraportal injection, no more than 3 
to 5 ug./10 mg. of liver mitochondrial protein appeared after 40 
minutes. The absence of the decline after administration 
of vitamin E indicates a primary metabolic effect of vitamin E 
in this system rather than a secondary effect on other dietary 
constituents. However, the addition of 10 to 400 ug. of emul- 
sified dl-a-tocopherol in vitro had no effect on the decline, a 
result reminiscent of the absence of effect of tocopherol in 


TABLE II 

Effect of a-tocopherol given by intraportal injection on decline of 
succinate oxidation in vitamin E-deficient rats 

I:xperiments were performed in presence of 1.5 umoles of DPN 

and 8 umoles of MgCl.. The left lateral lobe was removed before 

injection and used as a control. The remainder of liver was re- 

moved 30 to 40 minutes after injection. 


Before injection | After injection 
Experi- a-To- 

hour | decline ‘hour —sihour | decline 

ue atoms oxygen/ | atoms oxygen, | or 

10 mg. protein 10 mg. protein | 

3 00 | 68 | 3.5 | 49 | 7.2 | 5.9 | 18 

4 1000 4.3 2.4 44 4.3 4.0 7 

5 1000 4.4 2.6 41 5.8 

6 1000 | 4.4 | 3.0 

a None | 7.0 | 4.7 | 33 | 8.0 | 5.5 | 31 

S* None 8.0 4.8 40 7.6 4.3 | 44 


* In these experiments a control injection of the emulsion with- 
out tocopherol was performed. 
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TABLE III 
DPNH.-cytochrome c reductase 
Data are given in units of activity based on a definition of 1 
unit of enzyme activity as that amount producing a AE550 (3 to 
1 minutes) of 1.0. Results are expressed as units per mg. protein. 
Reaction mixture listed under ‘‘Experimental.’’ 


Diets Mitochondria* Microsomes* 
0.63 + 0.07 (8) 1.59 + 0.31 (3) 
0.53 + 0.04 (10) 1.20 + 0.16 (3) 
McCollum wheat casein 
1.33 + 0.20 (5) 3.25 + 0.60 (5) 


* Figures in parentheses indicate the number of animals used. 


preventing respiratory decline of liver slices in vitro. Possibly 
an active intermediate must first be formed from the tocopherol. 

DPNH-Cytochrome c Reductase—To test the possibility that 
the aforementioned results may have been mediated through 
some difference in the DPNH-cytochrome c reductase activity, 
a system shown to be affected by tocopherol (5, 6), measure- 
ments were taken in both mitochondria and microsomes of 
animals on different diets (Table III). No difference in the 


activity was found whether or not the animals were deficient in 


vitamin E or Factor 3. Liver mitochondria from rats fed a 
natural diet containing milk powder, crude casein, and whole 
wheat (McCollum’s wheat casein diet (10)), however, showed 
markedly higher enzyme activities than the animals on the 
Torula diets. This has apparently no relation to vitamin E 
but seems to be correlated to other factors. 

Involvement of Oxaloacetate—The preceding experiments show 
that succinate oxidation declines slowly, that DPN accelerates 
the decline, and that this phenomenon is much more pronounced 
in mitochondria from vitamin E-deficient animals than in those 
from animals receiving tocopherol. Of the metabolites derived 
from succinate oxidation, oxaloacetate has been shown to be a 
potent inhibitor of succinic dehydrogenase. In the chain of 
reactions which lead from succinate to oxaloacetate the oxida- 
tion of malate to the latter is obviously the only DPN-depend- 
ent step. Tyler has shown that the formation of oxaloacetate 
from succinate increases upon addition of DPN (11). The ef- 
fect of DPN in our system, therefore, appears to be explain- 
able in terms of this mechanism. To test this hypothesis a 
number of compounds which might eliminate the inhibitory 
effect of oxaloacetate was investigated. 

Pyruvate, by oxidation to acetyl] CoA and subsequent con- 
densation with oxaloacetic acid to form citrate, hypothetically 
should relieve the DPN inhibition. Without DPN, supplementa- 
tion with 3 umoles of pyruvate to spark the Krebs’ evele pro- 
duced a lowering of oxygen consumption for the 2nd half hour 
of incubation (Table IV). This effect was observed consistently 
in both vitamin E-deficient and -supplemented mitochondfia. 
In the presence of DPN, the mitochondria supplemented with 
vitamin E showed no effect of the addition of pyruvate, as is 
evident from the comparison of the curve for mitochondria 
(+E, +DPN) in Fig. 1, with that in Fig. 2 for mitochondria 
(+E, +DPN, + pyruvate). It 1s evident that these curves of 
the vitamin E-supplemented mitochondria represent not only 
succinate oxidation but also DPN-sensitive oxidations, such as 
malate or pyruvate. There is only little decline in oxidation 
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during the 1-hour incubation, and the oxidation level in general 
is considerably above that without DPN. 

In vitamin E-deficient mitochondria, pyruvate seems to 
alleviate the effect of DPN. The pyruvate produces a signifi- 
cant increase in oxygen consumption which is maintained con- 
sistently throughout the incubation period, but the decline of 
oxygen consumption remains the same with or without pyruvate. 
In summary, then, the additidn of pyruvate has no effect on 
decline of succinate oxidation attributable to the lack of vita- 
min E. 

In contrast to pyruvate, acetyl CoA was found to have a 
pronounced effect in preventing the decline (Fig. 3). 3 umoles 
of acetyl CoA create a condition in which both types of mito- 
chondria act alike with respect to each other, with or without 
DPN. If the pyruvate is acting through acetyl CoA then one 
is led to the conclusion that the difference in effect between the 
two is attributable to pyruvate oxidation, which would increase 
oxygen consumption as well as utilize DPN. 


TaBLe IV 
Effect of 3 umoles of pyruvate on succinate oxidation (without DPN) 
— Pyruvate,* + Pyruvate,* 
| 
ist half | 2nd half 2 ist half | 2nd half 8 
our hour hour hour 
% % 
Viatmin E-defi- 
cient (8)f......| 7.9 4.1 49 | 7.8 2.9 63 
+0.45 +0.2 +0.55 +0.4 
Vitamin’ E-sup- 
plemented (7)7.| 6.4 3.8 42 | 6.3 2.5 61 
+0.3) +0.3 +0.6; +0.2 


* y atoms of oxygen uptake per 10 mg. of mitochondrial protein. 
+ Figures in parentheses indicate number of animals used. 


T T T T T ~ 
a 
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30 
VITAMIN E SUPPLEMENTED! 
RATS (5) 
a @ 
WwW me) 
304 4102 
a 
a m 
VITAMIN. E DEFICIENT 
RAT (5) 
40 + 3Z3uMOLES PYRUVATE 
+ /.54MOLES DPN 


10-O 20-710 30-20 40-30 50-40 60-50 
TIME INTERVAL - MINUTES 


Fic. 2. Effect of pyruvate addition on succinate oxidation by 
liver mitochondria from vitamin E-supplemented and -deficient 
rats. Conditions are the same as in Fig. 1. 
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ATP and ITP are known to activate the oxaloacetic acid car- 
boxylase resulting in phosphoenolpyruvate described by Utter 
et al. (12). With ATP concentrations as low as 1.5 umoles/3 
ml., an increase in initial succinate oxidation is observed (Table 
V). However, in the 2nd half hour of incubation the oxidation 
in the deficient mitochondria again falls precipitously resulting in 
a decline as great, if not greater, than without ATP. In vitamin 
E-supplemented mitochondria, ATP increases the decline in the 
presence of DPN by increasing the oxidation in the Ist half hour 
without a corresponding increase in the 2nd half hour of incuba- 


T T T T T T + 
VITAMIN E SUPPLEMENTED RATS (4) 
m 
Z.QnMOLES Ac~CoA 2 
MOLES Ac~CoA S 
* Z0uMOLES DPN 
410 
© VITAMIN E DEFICIENT RATS (4)- rs 
| 
4 
~ 204 
N 
= 10 
wid 


lO-O 20-10 30-20 40-30 50-40 60-50 
TIME INTERVAL - MINUTES 


Fig. 3. Effect of acetyl CoA addition on succinate oxidation by 
liver mitochondria from vitamin E-supplemented and -deficient 
rats. Conditions are the same as in Fig. 1. 


TABLE 
Effect of ATP on succinate oxidation in presence of DPN 


1.5 umoles of DPN + 6 uwmoles of Mg*+ ions were used in all 
but Experiment 1 in which 4 wmoles of Mg*t were used. 


Vitamin Vitamin E- 
E-deficient » |supplemented 
Total; Total| 
Additions oxy- 3 oxy- 
Ist 2nd | gen Qa Ist 2nd | gen Q 
half | half half | half 
hour | hour hour | hour 
umoles u atoms 10 mg. 10 mg. 
Experiment 1 
2.61.0} 3.6 62 | 4.4/3.0] 7.4] 32 
DPN + 1.5ATP. 6.9 1.6 8.5! 77 7.4, 3.8 | 11.2) 49 
Iixperiment 2 
10.3; 4.1 | 14.4) 60 6.2) 5.3 | 11.5) 15 
DPN + 1.5 ATP.) 15.5) 8.0 | 23.5) 48 9.6; 5.6 | 15.2) 42 
DPN + 3.0 ATP.| 13.0; 8.9 | 21.9) 31 | 10.0) 5.1 | 15.1) 49 
DPN + 6.0 ATP.) 14.0) 8.9 | 22.9) 36 8 6.0 | 13.8) 23 
Experiment 3 
7.8) 3.3 | 11.1) 58 6.6, 6.1 | 12.7) 8 
DPN + 1.5 ATP.) 10.0 5.8 | 15.8) 42 | 10.7) 6.4 | 17.1) 40 
DPN + 3.0 ATP.) 8.6 7.3 | 14.9 15 9.7; 6.5 | 16.2) 33 
DPN + 6.0 ATP.| 10.2) 6.3 | 16.5) 38 9.2) 7.3 | 16.5) 21 


| 
| 
| 
| 
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TABLE VI 


Effect of magnesium ions on succinate oxidation 
in presence of 1.5 wmoles of DPN 


L. M. Corwin and K. Schwarz 


—E (4)* +E (4)* 

Mg** 
0 2.6 1.9 29 1.7 1.7 0 
2 2.9 2.2 24 3.1 2.9 6 
+ 6.6 2.3 65 5.7 3.8 33 
8 6.4 3.3 48 5.1 4.9 4 
16 6.1 5.7 7 4.7 5.0 0 


* Figures in parentheses indicate number of animals used. 


tion. Addition of larger quantities of ATP decreases this decline 
in the deficient animal. It would seem then that a sufficient 
quantity of ATP will not only increase the total oxidation of 
succinate but decrease its decline as well, an effect which can be 
explained by its effect in accelerating oxaloacetic acid decar- 
boxylation. In contrast to ATP, ITP is without effect on our 
system. 

The effects of other compounds have also been investigated. 
In the hope that TPN might shunt malate oxidation to pyru- 
vate via the malic enzyme and thus prevent oxaloacetate forma- 
tion, 1.5 wmoles of TPN were added with and without DPN. 
An effect very similar to that of DPN alone resulted, although 
it was somewhat slower to appear, possibly because of the time 
needed for transhydrogenase activity. 

In all experiments previously described, magnesium ions have 
been included in the medium at a level of 4 wmoles per 3 ml. 
In light of Tyler’s finding that magnesium ions form a complex 
with oxaloacetate acid and render the latter unavailable to 
inhibit succinic dehydrogenase (13), experiments were performed 
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TABLE VII 
Comparison of effects of Mg*+ and Mn++ on succinate oxidation 
8 uymoles Mg** 4 umoles Mn** 
Conditions 
it hall | 2nd ball | dectine | half | 29d ball) decting 
atoms oxygen/10 or atoms oxygen/ 10 or 
mg. protein 70 mg. protein 
9.7 4.0 59 10.0 4.5 55 
—E + 1.5 
8.5 2.8 67 8.9 5.9 34 
10.2 4.9 52 8.7 6.7 23 
+E + 1.5 umoles 
7.6 6.5 14 6.7 7 


* Figures in parentheses indicate number of animals used. 
The results are averages of duplicate experiments. 


to ascertain the effects of different concentrations of magnesium 
on the different mitochondria (Table VI). Succinate oxidation 
during the Ist half hour increased with increasing concentration 
of magnesium until a concentration of 4 umoles of magnesium 
was attained. Thereafter oxidation remained constant. In 
the 2nd half hour the oxidation increased with increasing mag- 
nesium concentration. This results in the occurrence of maximal 
decline at a level of 4 uwmoles of magnesium in both —E and 
+E mitochondria. However, the maximal difference in de- 
cline occurs at 8 wmoles of magnesium. This study bears out 
Tyler’s theory that magnesium ions form complexes with 
oxaloacetate, and when the amount of oxaloacetic acid formed 
surpasses the magnesium concentration, the rate of succinate 
oxidation falls. 

Manganese, on the other hand, is known to be required for the 
decarboxylation of both malate and oxaloacetic acid (14). In 
the presence of 4 uwmoles of manganese ions and DPN, the 


TaB_eE VIII 
Effect of arsenite on succinate and pyruvate oxidation 
ist half hour 2nd half hour Decline 
Diet Substrate 
pumoles pp atoms oxygen/10 mg. protein % % 
Experiment 1 | 
30 Succinate 72 2.3 67 70 
WO eS to hae 30 Succinate + DPN 7.1 6.0 3.1 1.9 56 68 
i, eR 30 Pyruvate + 3 Malate + DPN 4.1 0.4 3.1 0.6 
30 Succinate 8.5 8.8 3.4 2.4 60 7 
30 Succinate + DPN 7.7 7.4 4.3 3.9 44 7 
SEER anata aaa) 30 Pyruvate + 3 Malate + DPN 2.7 0.7 3.5 0.5 
Experiment 2 | 
WR oe eas 30 Succinate 10.3 10.9 3.1 2.6 7 76 
30 Succinate + DPN 9.2 2.4 1.6 75 77 
cos, Re eee 30 Pyruvate + Malate + DPN 4.7 1.2 4.4 1.0 
30 Succinate 8.9 9.1 4.1 3.1 66 
30 Succinate + DPN 7.2 6.0 5.7 5.0 21 17 
WES «causes 30 Pyruvate + Malate + DPN 4.5 0.2 5.4 0.5 
Experiment 3 
30 Succinate + DPN 6.6 7.0 | 6.4 “a 


| 
| 
| 
| 
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decline of succinate oxidation is half the decline observed in the 
presence of magnesium and DPN (Table VII). This effect is 
seen in both +E and —E mitochondria. 

Evidence to this point indirectly supports oxaloacetic acid 
accumulation as the cause of the excessive decline of succinate 
oxidation in liver mitochondria from vitamin E-deficient rats. 
It has been shown that compounds, known to be effective in 
removing oxaloacetic acid, also prevent the decline in succinate 
oxidation. The precise role of vitamin E in preventing this 
accumulation has not been delineated thus far. 

Localization of Vitamin E-Effect—To limit the area in which 
vitamin E might be involved, succinate oxidations were studied 
in the presence of DPN and 1.2 umoles of arsenite (4 * 10-4 M). 
This concentration does not inhibit succinate oxidation but 
markedly inhibits pyruvate oxidation (Table VIII). With 
pyruvate oxidation thus inhibited, oxaloacetic acid cannot be 
removed to form citrate by uniting with acetyl CoA, since 
little of the latter can be formed. Arsenite had a negligible 
effect on the difference in decline between —E and +E mito- 
chondria. Thus the prevention of the decline in +E mito- 
chondria is not attributable to any participation of vitamin E 
in the production of acetyl CoA or the formation of citrate in the 
presence of condensing enzyme. 

Transamination might conceivably be a mechanism for 
oxaloacetic acid removal. Indeed, Roderuck et al. (15) have 
observed that in the muscles of guinea pigs deficient in vitamin 
E, there was a marked decrease in glutamine. The possibility 
of an effect on the succinate system by a transamination effect 
of glutamine was rejected when it was found that 3 umoles of 
glutamine had no effect on the system. Glutamic acid similarly 
had little effect on the decline, although the interpretation was 
complicated by an increased initial oxygen consumption from 
the oxidation of the 3 umoles of glutamate. 

From these studies the conclusion seems warranted that vita- 
min E exerts an effect on oxaloacetic acid accumulation which is 
not the result of a direct effect on citrate formation by the 
condensing enzyme, or on oxaloacetic acid removal by trans- 
amination. 


DISCUSSION 


The decline of succinate oxidation in liver mitochondria from 
vitamin E-deficient rats in the presence of DPN bears some 
resemblance to the respiratory decline observed in liver slices. 
The reversal of both declines by tocopherol administered by 
intraportal injection and the lack of an effect of the vitamin in 
vitro indicate a strong similarity between the two systems. 
Some points of difference do exist, however. Whereas 200 ug. 
of tocopherol given by intraportal injection will prevent the 
decline in slices, at least twice this amount is required for re- 
versal of succinate decline in deficient mitochondria. Further- 
more, Factor 3, in the form of sodium selenite, has no effect on 
the mitochondrial system despite its effect in partially reversing 
respiratory decline in slices and its potency in preventing liver 
necrosis. At this point it is not possible to formulate positive 
conclusions as to the relation of the succinate decline to the 
respiratory decline of slices. The fact that both occur at the 


same time during the development of liver necrosis makes such 
a correlation very tempting, however. 

Evidence gathered in this paper tends to support the hy- 
pothesis that vitamin E plays a role either in diminishing the 
concentration of oxaloacetic acid or in some way rendering it 
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unavailable to inhibit succinoxidase activity. The reasoning is 
based on a consideration of the following portion of the Krebs’ 
cycle and adjacent reactions: 

ITP 
———— phosphoenol- 
pyruvate 


aspartate 


TPN 


succinate—fumarate—malate———oxaloacetate—pyruvate 


DPN 

DPN 

| acetyl CoA 
| | 


Oxalacetate is known as a potent inhibitor of succinate oxidation. 
DPN has also been shown to inhibit succinate oxidation, and 
this has been correlated with an increase in oxaloacetic acid 
concentration by Tyler (11). Such observations have been 
confirmed in these mitochondrial systems, and in fact at the 
end of 1 hour there have been larger quantities of keto acids 
present in the —E mitochondria than in the +E. These 
experiments are of somewhat doubtful significance, however. 
Although chromatography of the keto acids as the 2,4-dinitro- 
phenylhydrazones showed oxaloacetic acid as well as pyruvate 
to be present, the instability of oxaloacetic acid, even as the 
2 ,4-dinitrophenylhydrazone, renders exact comparison of its 
concentrations at the time of inhibition impossible. The rate 
of decarboxylation of oxaloacetic acid after the reaction is 
stopped by addition of trichloroacetic acid or by heating of the 
incubation medium, is quite rapid and causes a great error in 
estimating oxaloacetic acid concentration at the end of the 
experiment. 

Thus, it has not been possible to show directly the role of 
oxaloacetic acid in causing the greater decline of succinate 
oxidation observed in the —E mitochondria as compared to the 


+E. However, many facts do make this theory plausible. . 


First of all DPN is required to bring about the difference in 
succinate oxidation in the two groups, and DPN does increase 
the formation of oxaloacetic acid. When arsenite is present, 
the DPN effect is limited to malic dehydrogenase, since pyruvate 
oxidation is blocked. Arsenite did not change the difference in 
decline, thus oxaloacetic acid is the only possible product of a 
DPN-sensitive reaction in this system. It seems significant 
that acetyl CoA should relieve the inhibitory influence of DPN 
in both types of mitochondria, since this phenomenon can 
readily be explained by the removal of oxaloacetic acid to form 
citrate. Manganese also prevents the decline, a result to be 
expected if oxaloacetic acid were the inhibitor, since this ion is 
potent both enzymatically and nonenzymatically in decarboxy- 


lating the acid. Sufficient magnesium ions will also prevent the — 
decline, and Tyler has explained that magnesium ions may form | 
a complex with oxaloacetic acid and prevent the inhibitory role 


of the latter in succinate oxidation (13). 


ATP strongly ac- | 


celerates oxaloacetic acid decarboxylation to phosphoenol- 
pyruvate, presumably through transformation to ITP (12), and — 


in these experiments ATP not only reversed the decline of suc- 
cinate oxidation in the deficient mitochondria but increased the 
total oxidation as well. Since ITP was not effective, the ob- 


served influence of ATP may be related to a complex formation | 


with and oxaloacetie acid (13). 


From this evidence, then, © 


| | | 

} 

| 

| 

| 
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it seems quite likely that vitamin E is acting in preventing the 
accumulation of oxaloacetic acid, thus regulating succinate 
oxidation. 

Since the presence of 4 < 10-‘ m arsenite inhibits pyruvate 
oxidation but not succinate oxidation, and yet has no effect on 
the difference in decline in succinate oxidation in the presence 
of DPN, it seems reasonable to rule out an effect of vitamin E 
on pyruvate oxidation or citric acid synthesis in this system. 
Table I would also indicate no difference in the ability to oxidize 
pyruvate between —E and +E mitochondria. The fact that 
acetyl CoA relieves the decline occurring in mitochondria from 
deficient animals would also contraindicate an effect on citrate 
synthesis. 

Thus there remain the possibilities that the effect of vitamin 
E may be concerned with decreased formation of oxaloacetic 
acid such as by increased decarboxylation of malate via the 
malic enzyme or increased removal of oxaloacetic acid attributable 
due to its decarboxylation or removal by transamination or 
amination. Since well prepared mitochondria contain little or 
no oxidizable substrate, transamination by compounds such as 
glutamic acid seems unlikely, especially since the latter had no 
effect in this system. Work on problems concerning factors 
related to decarboxylation of malate and oxaloacetate is now in 
progress. | 

Preliminary work with animals maintained on a 20 per cent 
casein diet with or without vitamin E has shown that a dif- 
ference in decline in succinate oxidation in the presence of DPN 
could not be shown until the animals had been on the diet for 
9 to 10 weeks as compared to 14 to 18 days on the Torula yeast 
diet used in these experiments. By qualitative experiments 
involving standard paper chromatographic techniques it was 
possible to correlate these results with the fact that in regard to 
the casein diet, even after 8 weeks tocopherol remained in the 
mitochondria, whereas in regard to the Torula yeast diet none 
was found in the mitochondria after 14 days. 

The lack of correlation of these experiments with any dif- 
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ference in DPNH-cytochrome c reductase activity raised the 
question of multiple function of vitamin E. It may well be 
that should the vitamin E deficiency be prclonged over a greater 
length of time by the addition of Factor 3 to the diet, thus 
preventing necrosis, a difference in the enzyme might be cor- 
related with other diseases stemming from a vitamin E de- 
ficiency. 


SUMMARY 


The decline in succinate oxidation in the presence of DPN 
was observed to be greater in liver mitochondria from rats 
deficient in vitamin E, than it was in mitochondria from vitamin 
E-supplemented animals. The decline in the deficient mito- 
chondria was reversed in 30 to 40 minutes after a-tocopherol 
was given by intraportal injection, but not by addition in vitro. 
Sodium selenite, as a source of Factor 3 in the diet, had no effect 
in preventing the decline. Inhibition of succinate oxidation by 
the accumulation of oxaloacetate was strongly implicated as the 
cause of the decline. The necessity for DPN for the difference 
in decline to occur and the alleviating effect of compounds known 
to accelerate the removal of oxaloacetate, seem to justify this 
conclusion. Acetyl CoA, manganese ions, ATP, and magnesium 
ions were all effective either in preventing the decline or slowing 
its rate of occurrence. The difference in decline between the 
mitochondria supplemented with vitamin E, and those deficient 
in this factor, was maintained in the presence of sufficient 
arsenite to inhibit pyruvate, but not succinate oxidation. 

No correlation of these effects could be made to a difference 
in the activity of the reduced diphosphopyridine nucleotide- 
cytochrome c reductase system. The latter was not affected by 
the presence or absence of vitamin E in the diet. 
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Exposure of rats to low environmental temperature causes 
marked changes in their lipide metabolism (1-6). One of the 
most striking alterations can be seen in rats that have fasted 
for 1 day at a temperature of 0-2° (‘‘cold-fasted” rats). The 
livers of these animals are heavily infiltrated with fat and contain 
almost no glycogen. Studies in vitro showed that liver slices 
prepared from these rats exhibit a severe defect in their ability 
to form CO, from acetate-1-C™ as well as from a number of 
other carboxyl-labeled short chain fatty acids (6). The addition 
of glucose to these glycogen-deficient liver slices, however, 
restores the oxidation of short chain fatty acids to essentially 
normal values. 

In contrast to the findings with short chain fatty acids, liver 
slices from cold-fasted rats show no defect in their ability to form 
from the long chain fatty acids, palmitate-1-C", 
stearate-1-C'™, and oleate-1-C'™. Furthermore, the addition of 
glucose to the incubation medium causes a marked stimulation 
in the oxidation of the long chain fatty acids by liver slices from 
these rats. On the other hand, the addition of glucose to the 
liver slices from the control rats (fed and maintained at 25°) 
results in a reduction in the oxidation of the long chain fatty 
acids, a manifestation of the well known sparing action of glucose 
on oxidation of long chain acids. 

The mechanism by which glucose promotes fatty acid oxidation 
in the liver of the cold-fasted rat has been investigated in this 
laboratory (3, 6). These studies have led to the following 
conclusions. (a) Some phase of carbohydrate metabolism is 
essential for a maximal rate of hepatic fatty acid oxidation, and 
(b) the phase of carbohydrate metabolism involved is not related 
to the “sparking”’ action of intermediates of the Krebs’ cycle. 
How then does carbohydrate metabolism promote fatty acid 
oxidation? To investigate this mechanism further, it became 
necessary to work with a simpler system than that of the intact 
liver cell. A liver homogenate was developed that was capable 
of oxidizing glucose, carbohydrate intermediates, long chain and 
short chain fatty acids, and Krebs’ cycle intermediates. This 
system was used to investigate the mechanism of interaction 
between carbohydrate metabolism and the stimulation of acetate 
oxidation as found in hepatic tissues from cold-fasted rats. 


* This work was accomplished under Contract Air Force 
41(657)-145, monitored by the Alaskan Air Command, Arctic 
Aeromedical Laboratory, and with the aid of Research Grant 
RG 4989, United States Public Health Service. 

t Senior Research Fellow of the United States Public Health 


Service. 


EXPERIMENTAL 


Treatment of Rats—For 10 days adult male rats of the Wistar 
strain were fed ad libitum a diet composed of 25 per cent casein, 
10 per cent fat, 51 per cent dextrose, 3 per cent salt mixture (7), 
5 per cent cellulose, 6 per cent brewers’ yeast, 0.04 per cent cod 
liver oil concentrate, and 0.01 per cent a-tocopherol. After 
the period of dietary stabilization, the rats were either fed the 
same diet ad libitum while continuing to live at 25° (control rats) 
or were fasted for 24 hours at an ambient temperature of 0-2° 
(cold-fasted rats). 

Preparation of Liver Homogenate—The rats were killed by a 
blow on the head, and the livers were immediately perfused 
with 10 ml. of warm 0.14 m KCl, excised, and placed in ice-cold 
saline solution. The liver was then put through a tissue press. 
2 gm. of the liver mash were transferred to a TenBroeck homo- 
genizer that contained 12 ml. of a medium composed of 0.14 m 
KCl, 3 mM MgSO,, 2 DPN, 1.94 10-4 m CoA, 
and 1.2 X 10°? mM potassium phosphate buffer, pH 6.9. The 
liver was homogenized by ten complete strokes of the Teflon 
pestle. The resulting homogenate was transferred to 15-ml. 
centrifuge tubes and centrifuged for 10 minutes at 700 to 800 x g 
in a refrigerated centrifuge. This treatment produces a super- 
natant fraction that is free from intact cells, nuclei, and cell 
debris (8). The supernatant fraction was carefully removed 
and appropriate aliquots were transferred to the incubation 
flasks. 

Incubation Procedure—The incubation flask of Baruch and 
Chaikoff (9) was used in this study. The center well contained 
0.5 ml. of 5N NaOH. The basic constituents of the main com- 
partment were 0.5 ml. of 1 X 10>? M sodium acetate-1-C™, made 
up in 0.14 m KCI solution; 0.5 ml. of 1 x 10°? m potassium 
succinate (pH 6.8) made up in a 0.14 m KCl solution; 1 ml. of 
0.14 m KCl; and 3 ml. of liver homogenate. In certain experi- 
ments additions were made to the basic incubation medium; 
such changes are noted in the ‘‘Results” below. The flasks were 
aerated with 100 per cent Ovo, sealed, and incubated for 1 hour 
at 37.5°. The CO. formed during the incubation period was 
trapped by the NaOH in the center well as NasCQ3. 

Chemical and Radioactivity Analyses—The C™ content of the 
Na»CO; and the sodium acetate-1-C™ solutions was determined 
by a liquid counting method described in an earlier paper (6). 

The protein content of the homogenate was determined by 
the method of Stadtman et al. (10). | 

Determination of P:O Ratio in Liver Homogenate—The P:0 


ratio of the homogenates was determined by the following — 
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procedure. Warburg flasks containing two sidearms were used 
in this determination. Sidearm 1 contained a solution of 0.1 
ml. of 0.3 mM potassium succinate, pH 6.9; 0.1 ml. of 0.356 m 
potassium phosphate buffer solution, pH 6.9; 0.07 ml. of a solu- 
tion of P*-labeled sodium phosphate; and 0.1 ml. of yeast 
hexokinase solution containing 5 mg. of the enzyme preparation 
(Pabst Laboratories). Sidearm 2 contained 0.13 ml. of 0.3 mM 
glucose. The main compartment contained a solution of 0.13 
ml. of 0.15 m KF and 0.17 ml. of 0.1 m AMP, pH 6.9. The 
center well contained 0.2 ml. of 5 N KOH plus filter paper. 
The liver homogenate was prepared in the manner described 
above and 1.2 ml. of this homogenate were added to the main 
compartment of the Warburg flask. The flasks were imme- 
diately placed on manometers, and the solutions in the sidearms 
were tipped into the main compartment. The system was 
incubated with shaking at 37.5° for 20 minutes. The first 5 
minutes of the incubation were used for temperature equilibration. 
Oxygen consumption was measured during the last 15 minutes 
of incubation. The amount of O2 consumed during the 0- to 5- 
minute interval was estimated by extrapolation. At the end 
of the 20-minute incubation period, the enzymatic activities 
were stopped by adding 0.2 ml. of 10 N H.SO, to the main 
compartment. The amount of inorganic phosphate trapped as 
glucose 6-phosphate was determined by P*® assay according to 
the method of Lindberg and Ernster (11). 


RESULTS 


Experiments were carried out to determine the minimal 
components required in the homogenate medium for an apprecia- 
ble CO. yield from acetate-1-C™ by liver homogenates from 
control rats. DPN was found to be absolutely necessary, and 
CoA was also needed for a high rate of acetate oxidation. 

A medium fortified with DPN and CoA was used to investigate 
the effects of adding succinate or fumarate at concentrations 
from 2X 10->mto 2 X 10°-*M tothe liverhomogenates. Fumarate 
and succinate, at each of the concentrations, increased the CO, 
production from acetate-1-C" in the case of the liver homogenates 
from both the control and cold-fasted rats, presumably by way 
of the sparking of the Krebs’ cycle. Thus, the basic medium 
contained final concentrations of 1.2 « 10-* mM DPN, 1.2 « 10-4 
CoA, as well as 10-* m succinate, the concentration that best 
promoted acetate oxidation. A comparison was made of the 
ability of control and cold-fasted homogenates prepared in the 
basic medium to convert acetate-1-C™ to C“O.. The results of 
this study are recorded in Table I. Obviously, the liver homog- 
enates from the cold-fasted rats have far less capacity to oxidize 
acetate than the homogenates prepared from control rats. 


TABLE 
Acetate oxidation by rat liver homogenates 
Rat liver homogenate* 
viron- 
No. of rats pete — 
temperature Protein content Acetate-1-C™ 
incubation flas converted to CO: 

% 
28 25° Fed 38.3 + 1.18T 8.0 + 0.51 
29 0Q-2° Fasted 36.6 + 1.54 1.3 + 0.26 


* Incubation carried out in the basic incubation medium. 
See ‘Experimental’? and ‘‘Results.”’ 
+t Standard deviation of the mean. 
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TABLE II 


Effect of ATP, ADP, and HDP on acetate oxidation by 
| rat liver homogenates 


Acetate-1-C' converted to COz by 
r Additions to basic incubation 
Homogenate from Homogenate from 
control rats cold-fasted rats 
% % 
6 None 8.2 + 0.91 | 2.2 + 0.87 
1X 10°* mM ADP 7.8 + 0.69 | 3.7 + 0.80 
12 None 6.9 + 0.56 | 1.2 + 0.10 
2X 10°*m ATP 8.9 + 0.63 3.9 + 0.72 
10 None 7.4 + 0.62 | 1.5 + 0.42 
2X 10°37 mM HDP 8.2 + 0.49 | 4.4 + 0.85 
4 None 7.8 + 1.10 | 1.3 + 0:42 
1X 10° *m ADP +2 X 7.4 + 0.81 4.6 + 1.30 
mM HDP 
6 None 7.8 + 0.71 | 1.1 + 0.33 
2x 10-?mM ATP + 2X 10-3 | 7.7 + 0.58 4.9 + 0.76 
mM HDP | 


These results corroborate findings previously reported with 
liver slices (2, 3, 6). Furthermore, since the incubation system 
contained an optimal concentration of succinate, the data further 
support the conclusion that the relative failure in acetate oxida- 
tion found in the liver of cold-fasted rats does not result from a 
lack of Krebs’ cycle intermediates. 

It should be noted that the homogenates from control rats 
contained somewhat more protein than those from cold-fasted 
rats. Homogenate concentration studies were carried out in 
order to determine the relationship between the protein concen- 
tration of the incubation system and the amount of CO, 
produced from acetate-1-C'. It was shown that the difference 
in C4O, production between the homogenates from control and 
cold-fasted rats was not the result of the small difference in 
protein concentration noted in Table I. 

Since in earlier studies (2, 3, 6) on liver slices the addition of 
glucose to the incubation medium was found to repair the block 
in acetate oxidation of the cold-fasted rat, it seemed that the 
addition of various substances to the liver homogenate should 
provide further clues regarding the mechanism of this metabolic 
defect. It was found that glucose, as well as lactate, lipoic 
acid, and thiamine pyrophosphate in several concentrations, 
can stimulate acetate oxidation by homogenates from cold-fasted 
rats. But the order of magnitude of the stimulation is not 
great enough to be of any significance in regard to the defect 
in acetate oxidation under investigation, and, thérefore, the 
data have not been tabulated. Various combinations of the 
above substances were added, but the results were no more 
remarkable than when they were used alone. 

In view of the action of glucose on the liver slice, the effect 
of the addition of HDP' to the cold-fasted homogenate was also 
investigated. When optimal concentrations of this compound 
were used, there was a marked increase in the CO. production 
from acetate (Table II). Since HDP is an excellent source of 
high energy phosphate, the effects of ATP and ADP were 
next investigated. These nucleotides, when added at optimal 
concentrations, also proved to be effective stimulators of acetate 
oxidation, the latter somewhat less so, perhaps, than the former. 


1 The abbreviation used is: HDP, fructose 1,6-diphosphate. 
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TaBLe III 
Oxidative phosphorylation in rat liver homogenate 


pee Rat liver homogenate 
No.) 


of mental Nutritional 
cate | temper- | state | | Pp 
| ature | _ Os consumed esterified | P:O 
| atoms atoms 
4 25° | Fed ad | 8.5 + 0.67, 17.4 + 1.85) 2.04 + 0.107 
| | libitum | 
4 | 0-2° | Fasted 6.4 + 0.74 3.5 + 0.60 0.55 + 0.102 


Although HDP and ATP also stimulated C™O:, production by 
homogenates from control rats, it amounted to only a 10 to 30 
per cent increase, whereas C'™O, production by the homogenates 
from cold-fasted rats was increased 300 to 400 per cent. 

These results imply that the relative failure in acetate oxida- 
tion in the cold-fasted liver might be the result of a lack of 
avallable ATP. Yet Krebs’ cycle activity seems to be within 
normal limits, since O2. consumption by liver slices from cold- 
fasted rats occurs at a normal rate (6) and Krebs’ cycle inter- 
mediates are oxidized at not markedly reduced rates in both liver 
slices (3) and homogenates? from such animals. It appeared, 
therefore, that the answer might lie in a reduced efficiency of 
oxidative phosphorylation in the livers of these rats compared 
with normal ones, and experiments were performed to test this. 

With the use of succinate as substrate, the P:O ratio was 
determined in liver homogenates prepared from both cold-fasted 
rats and control rats (Table III). The results show that almost 
complete uncoupling of oxidative phosphorylation occurs in the 
liver of the cold-fasted rat. 

The relationship of cold exposure and fasting to oxidative 
phosphorylation is an interesting problem in its own right. 
Work on this point is in progress and a preliminary report on 
the effects of cold exposure on oxidative phosphorylation has 
been presented elsewhere (12). 


DISCUSSION 

It would seem from the data presented above that a failure in 
ATP generation is a major reason for the low rate of acetate 
oxidation in the liver homogenates of the cold-fasted rat. This 
conclusion is strongly supported both by the fact that the addi- 
tion of ATP to the liver homogenate prepared from the cold- 
fasted rat causes a marked stimulation in COs, production from 
acetate-1-C™ and by the fact that oxidative phosphorylation is 
almost completely uncoupled in this homogenate system. 

The fact that HDP or ADP also stimulate acetate oxidation 
by liver homogenates from cold-fasted animals is not difficult 
to reconcile with the above conclusion, since HDP forms ATP 
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in Embden-Meyerhof metabolism and ADP forms ATP by way 
of the myokinase reaction (13). That each of these stimulates 
in a somewhat different quantitative manner is to be expected, 
since ATP, when added as a single dose, is limited in its activity 
by the tendency of the ATPase of the homogenate to destroy 
it, and HDP and ADP will also have their action limited by the 
rate at which they can form ATP in this system. 

The fact that various combinations of ADP, HDP, and ATP 
added to the system do not show an additive action would 
suggest that these three substances are working via a common 
mechanism. 

The present findings can now be related to the results pre- 
viously presented on liver slices (2, 3, 6). From our knowledge 
of the cold-fasted rat it seems reasonable to conclude that the 
following disturbances exist in its hepatic metabolism: (a) an 
uncoupled oxidative phosphorylation as determined in _ the 
present study; (6) a low rate of oxidative metabolism in the 
Embden-Meyverhof and phosphogluconate pathways, as indicated 
by the absence of liver glycogen (2); and (c) a high rate of 
gluconeogenesis which yields energy acceptors for the available 
ATP. The latter assumption is based on the fact that this rat 
is able to maintain its blood sugar level? under environmental] 
conditions that necessitate a high energy expenditure. There- 
fore, it appears likely that the relative failure of short chain 
fatty acid oxidation observed in the liver slices of the cold-fasted 
rat (6) results from the fact that these fatty acids cannot success- 
fully compete for the small amount of ATP available. 

The fact that the addition of glucose to the glycogen-free 
liver slice of the cold-fasted rat repairs the block in short chain 
fatty acid oxidation whereas the addition of Krebs’ cycle inter- 
mediates fail to do so indicates that carbohydrate metabolism 
in its various extra-Krebs’ cycle phases is generating the neces- 
sary ATP for short chain fatty acid activation. Thus uncoupling 
of oxidative phosphorylation, which could be a great aid for the 
cold-exposed animal in regard to thermogenesis, apparently has 
reached a point in the liver of the cold-fasted rat that limits a 
major energy source by preventing maximal activation and 
utilization of fatty acids. 


SUMMARY 


Liver homogenates were prepared from fed rats living at 25° 
and from rats fasted for 24 hours at 0-2°. The homogenates 
from the ‘“‘cold-fasted”’ rats formed considerably less CQO, from 
acetate-1-C™ than did those prepared from the rats fed at 25°. 
These findings corroborate earlier studies on liver slices. Evi- 
dence is presented which indicates that this relative failure of 
hepatic acetate oxidation in the case of the cold-fasted rats 
results from a greatly depressed genesis of ATP. 
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The biosynthesis of salicyl glucuronides in vitro provides a 
sensitive test for the capacity of tissues to form conjugates of 
glucuronic acid. The products of the conjugation are salicyl 
acyl glucuronide and salicyl phenolic glucuronide, for which 
specific and sensitive fluorimetric methods have been developed 
which detect as little as 2 mumoles of each conjugate in the 
presence of a 1000-fold excess of salicylate (2). The rates of con- 
jugation of the carboxyl and the phenol groups of salicylate can 
be directly compared in these studies. 

It is well established that liver and kidney can form glu- 
curonides (3). In addition, Hartiala (4) has reported that 
slices of rabbit, rat, and dog intestine conjugate o-aminophenol, 
although homogenates of the intestinal tract appear to be in- 
active (5, 6). The present studies with salicylate provide 
evidence that slices of the gastrointestinal tract, liver, kidney, 
urinary bladder, lung, and spleen are capable of glucuronide 
synthesis. It is of further interest that the salicyl glucuronides 
formed in the intestine can be accumulated in high concentra- 
tion in the fluid bathing the serosal surfaces of everted gut-sacs. 


EXPERIMENTAL 


Tissue Slices—The animals were exsanguinated, and the organs 
were promptly removed and chilled in ice-cold 0.13 mM NaCl- 
0.02 m KCl and cut into slices 0.3 to 0.4 mm. thick in the Stadie- 
Riggs microtome (7). The intestinal mucosa of the adult rabbit, 
eat, chicken, and dog was stripped from the underlying coats with 
a blade and sliced free-hand. The human surgical specimens 
were treated similarly. The gut wall of the guinea pig, rat, and 
hamster was sliced free-hand through its entire thickness. 
After being weighed on a torsion balance, 500 mg. of slices were 
added to Warburg flasks containing 2.5 ml. of the following 
medium: (in wmoles per ml.) sodium phosphate of pH 7.4, 8; 
NaCl, 134; KCl, 11; CaCl, 0.8; sodium salicylate, 1.0; and 
glucose, 20. Alkali was added to the center well, the gas space 
was filled with oxygen, and the flasks were shaken in a bath for 
4 hours at 30°. A control flask containing the complete system 
less salicylate was carried through the entire procedure for 
each tissue. 

Fluorimetric Estimation of Salicyl Glucuronides—The methods 
for the estimation of acyl-SG,' phenolic-SG, and salicylate were 


* This research is supported by United States Publie Health 
Service Grant No. A-1483. 

+ A preliminary account of portions of this investigation has 
been reported (1). 

1 The abbreviations used are: acyl-SG, salicyl acyl glucuronide; 
and phenolic-SG, salicyl phenolic glucuronide. 
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as previously described for these compounds in plasma (2). 
The reaction mixture was incubated with neutral hydroxylamine 
to convert acyl-SG to salicyl hydroxamate, and the latter was 
extracted into ether. A portion of the ether was evaporated 
to dryness, the dried residue hydrolyzed in 6 N H2SO,, and the 
liberated salicylic acid was estimated fluorimetrically. After 
extraction of the salicy] hvdroxamate, the proteins in the residual 
reaction mixture were precipitated with perchloric acid. The 
acidic filtrate was washed thoroughly with ether to remove 
other salicy] compounds, and the phenolic-SG was subsequently 
hydrolyzed in 6 N H2SO, and estimated by the salicylic acid 
liberated. The fluorescence of sodium salicylate solutions was 
measured with the Aminco-Bowman spectrophotofluorometer 
(8). 

Evidence that the fluorimetric methods are relatively specific 
for acyl-SG and phenolic-SG was obtained by studying the 
properties of the salicyl conjugates synthesized by slices of 
guinea pig intestine. Treatment of these materials with 0.2 n 
NaOH for 30 minutes at 25° resulted in hydrolysis of over 80 
per cent of the alkali-labile acyl-SG, but less than 5 per cent of 
the phenolic-SG. Incubation in 0.025 m sodium acetate of pH 
6.0 for 8 hours at 38° resulted in a loss of 10 to 25 per cent of the 
less stable acyl-SG, but no loss of the phenolic-SG. When the 
mixture was similarly incubated with 600 units per ml. of 
bacterial 8-glucuronidase (Sigma Chemical Company), the rate 
of hydrolysis of the acyl-SG was increased 2- to 4-fold, and over 
90 per cent of the phenolic-SG was enzymatically hydrolyzed. 

The products of salicylate conjugation were incubated with 
2 m hydroxylamine of pH 7.0 for 2 hours at 25° to convert acyl-SG 
to its hydroxamate derivative. The latter was extracted with 
5 volumes of ether at pH 7.0, the ether evaporated to dryness, 
and the residue dissolved in ethanol and applied to Whatman 
No. 1 paper for ascending chromatography. The Rr values 
of the hydroxamate derivative corresponded to those of authentic 
salicyl] hydroxamate with several solvent systems: water- 
saturated n-butanol (Rr 0.83), water-saturated capryl alcohol 
(Rr 0.65), and the n-butanol-benzene-ammonium carbonate 
solvent of Fewster and Hall (9) (Rr 0.21). The spots were 
identified by eluting serial paper strips with water, hydrolyzing 
the eluates in 6 N H.SO, at 100° for 30 minutes, and estimating 
the liberated salicylic acid fluorimetrically. The hydroxylamine 
liberated could also be identified by a sensitive colorimetric 
reaction (10). 

Materials—The reference standards for acyl-SG and phenolic- 
SG estimations were the salicy] urines previously used (2), and 
these materials were used in dilute solution for the gut-saec 
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experiments described below. Salicylamide-O-glucuronide was 
isolated from human urine by the method described by Quick 
(11), and recrystallized from hot water (m.p. 174°). Organic 
acids were added to the incubation media as the sodium salts. 
Bilirubin (m.p. 200°, A max. 450 my in chloroform, E = 53.6 xX 
10*) was obtained from Mann Research Laboratories. 


RESULTS 


Survey of Tissues—Tissue slices from various animal species 
can synthesize salicyl glucuronides, as summarized in Table I. 
The highest, intermediate, and lowest rates of conjugation were 
observed respectively with tissues of the guinea pig, rabbit and 
rat, and cat. These species ranked in the same order in the 
capacity of liver homogenates to conjugate o-aminophenol and 
menthol (5). 
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In the guinea pig the greatest net synthesis was observed 
with slices of the small intestine. As shown in Fig. 1, most 
of the gastrointestinal tract conjugated salicylate, and the peak 
rate of synthesis was obtained with the duodenum and jejunum. 
The urinary bladder, liver, and kidney were less active than the 
small intestine, and only minimal synthesis was observed with 
the lung and spleen (Table I). 

The relative quantities of acyl-SG and phenolic-SG formed 
varied with the species and tissue examined. With guinea pig 
intestine and liver phenolic-SG formation exceeded that of 
acyl-SG, whereas the reverse was observed with kidney and 
urinary bladder. Hamster liver and rat liver and intestine 
appeared to form only phenolic-SG. Traces of acyl-SG alone 
were detected with the spleen of the guinea pig, hamster, and dog. 

Substrates —Although glucose is a precursor of glucuronic acid 


TABLE 
Salicyl glucuronide synthesis by tissue slices from various species 


Salicyl glucuronide formedt 
Species Tissue No. of experiments* Inactive tissues 
acyl-SG phenolic-SG 
Guinea pig Small intestine 12 60 (17-102) 148 (25-318) Brain, pancreas, heart, skele- 
Urinary bladder 2 13, 20 5, 16 tal muscle, adipose tissue, 
Liver 11 ll (531) 19 (7-34) blood 
Kidney 10 10 (2-25) 5 (0-10) 
Lung 2 2, 3 2, 4 
Spleen 3 3. (2-4) 0 
Rabbit Small intestine 5 16 (5-42) 33 (20-45) Brain. adrenal, ovary, testis, 
Urinary bladder 1 6 2 pancreas 
Liver 3 3 (1-7) 3 (1-5) 
Kidney 4 9 (4-16) 4 (3-5) 
Rat Small intestine 4 0 4 (3-7) Spleen, lung, seminal vesicle 
Urinary bladder 1 3 2 
Liver 4 0 9 (4-15) 
Kidney 4 7 (0-15) 8 (3-11) 
Hamster Small intestine 1 15 67 
Liver 1 0 13 
Kidney 1 11 ~ 46 
Spleen 1 2 0 
Chicken Small intestine 1 8 8 
Liver 1 4 13 
Kidney 1 25 9 
Dog Small intestine 1 3 2 Adrenal, pancreas, testis 
Liver 1 3 7 
Kidney 1 3 4 
Spleen 1 2 0 
Cat Liver 1 0 4 Small intestine 
Kidney 1 0 3 
Man Mucosa 
Gastric 2 2 0, 0 
Duodenal 1 16 45 
Sigmoid colon 1 2 8) 


* In some experiments several animals were used to provide 500 mg. of tissue slices. 
t Expressed in millimicromoles per 500 mg. wet weight of tissue slices. For more than 2 experiments, the mean value is listed, with 


the range of values in parenthesis. 
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(12), previous investigators have found it difficult to demonstrate 
an increase in glucuronide synthesis in vitro by addition of glucose 
to the medium (13). Consequently, guinea pig liver, kidney, 
and intestinal slices were incubated with salicylate in the presence 
and in the absence of glucose (0.02 m). As shown in Table II, 
with added glucose slices of intestine formed 57 per cent more 
acyl-SG and 37 per cent more phenolic-SG. Synthesis by the 
liver or kidney slices was minimally affected. Table III sum- 
marizes experiments on the effects of dietary glucose on salicy]l 
glucuronide synthesis in vitro. Groups of guinea pigs were 
either fasted for 36 hours, given a standard diet, or the standard 
diet plus 30 per cent glucose as sole drinking-fluid for 96 hours. 
The acyl-SG formation, by liver, kidney, and intestine, and the 
phenolic-SG formation by kidney slices were increased signifi- 
cantly by increments in the dietary glucose. 

Slices of guinea pig intestine were also incubated with salicylate 
plus each of the following compounds in a final concentration of 
0.01 m: fructose, p-galactose, pL-lactate, glucuronate, glucurono- 
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Fic. 1. Formation of salicyl glucuronides by tissue slices of 
various segments of the gastrointestinal tract of the guinea pig. 
The values for the glucuronides formed are expressed in myumoles 
per 500 mg. of wet weight of tissue slices. The gut wall was sliced 
through its entire thickness. §§, salicyl acyl glucuronide; Z, 
salicyl phenolic glucuronide. 


TABLE II 


Effect of glucose in medium on salicyl 
glucuronide synthesis in vitro 


Salicyl glucuronide formed* 
Standard 
Product glucose | (0.02 m) 
Liver........ 5 Acyl-SG 12 14 +2 0.7 
Phenolic- 20 18 —2 1.5 
SG 
Small intes- 
Acyl-SG 47 74. | +27 
Phenolic- 100 137 +37 10.3T 
SG 
Kidney...... 5 Acyl-SG 4 6 +2 0.9 
Phenolic- 4 3 —1 0.8 
SG 


* The mean values are expressed in millimicromoles per 500 
mg. of wet weight of guinea pig tissue slices. 
t Significant at the p < 0.01 level. 
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TABLE III 


Effect of glucose in diet on salicyl glucuronide 
synthesis in vitro 


Salicyl glucuronide formed in viiro* 
, No. of i i 
water 
Liver.....| 11 | Aecyl-SG 7 8 | 13 /|0.79 (p < 0.005) 
Phenolic- 11 16; 12 |0.24 
Small in- SG 
testine .| 12 | Acyl-SG 45 | 63) 99 | 0.73 (p < 0.005) 
Phenolic- | 109 | 150 | 170 | 0.42 (p < 0.10) 
SG 
Kidney...| 10 | Acyl-SG 3 5 5 | 0.77 (p < 0.005) 
Phenolic- 2 3 6 | 0.70 (p < 0.02) 
SG 


* The mean values are expressed in millimicromoles per 500 
mg. of wet weight of guinea pig tissue slices. 
t Rank correlation. 


lactone, or saccharate. None of these altered glucuronide 
synthesis. Pyruvate, acetate, citrate, a-ketoglutarate, suc- 
cinate, fumarate, and malate inhibited the formation of both 
acyl-SG and phenolic-SG by 40 to 50 per cent. 

Inhibitors—The effects of inhibitors were studied with slices 
of guinea pig intestine. The following inhibitors of aerobic 
phosphorylation diminished the synthesis of both salicyl glu- 
curonides by 85 per cent or more: sodium azide (0.01 m), 2,4- 
dinitrophenol (0.0005 m), sodium cyanide (0.005 m), and sodium 
arsenate (0.01 mM). Carboxylic acids capable of competing with 
salicylate also inhibited the conjugations. In a final concentra- 
tion of 0.01 m (2.e. 10 times the salicylate concentration) a 70 
to 95 per cent inhibition of acyl-SG and phenolic-SG formation 
was observed with benzoate; m-hydroxy-, p-hydroxy-, o- 
methoxy-, and p-aminobenzoate; and probenecid (p-(dipropyl- 
sulfamyl)-benzoate). Bilirubin, suspended in the medium in a 
final concentration of 0.003 M, inhibited acyl-SG and phenolic-SG 
synthesis by 31 and 21 per cent respectively. 

Newborn Tissues—The liver and kidney of the newborn rat 
and guinea pig are less active than the adult tissues in forming 
bilirubin glucuronide (6, 14). Similarly, the liver, kidney, and 
small intestine of the newborn guinea pig are relatively inactive 
in conjugating salicylate, as illustrated in Fig. 2. The mean 
activities of the liver and kidney reached the adult levels at 
approximately 3 days in the 5 litters studied.2. The activity of 
the small intestine increased more slowly to 25 to 30 per cent of 
the adult levels at 3 days. Table IV summarizes experiments 
with tissues of newborn rabbits and rats. Unlike the guinea 
pig, at birth the rabbit kidney and the rat liver formed consider- 
ably more acyl-SG and phenolic-SG than did the adult tissues. 
The patterns of development of the salicyl glucuronide-forming 
enzymes thus appear to vary markedly in different species.’ 


2 In 2 of the 5 litters the liver slices at 3 days formed more of 
the salicyl glucuronides than the adult liver slices. 

3 The development of the salicyl glucuronide-forming enzymes 
in the small intestine appeared to start at the time of weaning. 
Thus in the guinea pig the intestine actively conjugated salicylate 
3 to 4 days after birth, whereas in the rabbit no activity was ob- 
served until the animals could eat solid food at 3 to 4 weeks of 
age. 
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Accumulation of Salicyl Glucuronides—The following experi- 
ments with everted gut-sacs, prepared as described by Wilson 
and Wiseman (15), demonstrate that the salicyl glucuronides 
formed in the intestinal mucosa accumulate in the fluid bathing 
the serosal surface in much higher concentration than in the 
fluid bathing the mucosal surface. A 10-cm. segment was 
cut from the proximal end of a rabbit’s small intestine, everted, 
filled with 6.0 ml. of an isotonic medium, and closed at each end 
with a silk ligature. The sac was placed in a Krebs pot con- 
taining 15.0 ml. of the same medium plus salicylate (0.001 m) 
and incubated for 2 hours at 34° with oxygen in the gas space. 
Subsequently samples of the fluid bathing the inside (serosal 
surface) and outside (mucosal surface) of the sac were removed 
for estimation of the aevl-SG and phenolic-SG formed. The 
concentrations of the salicvl glucuronides inside the sacs were 
3 to 10 times greater than the concentrations outside, as indicated 
in Table V. The maximal concentration ratios, inside to outside, 
were observed with acyl-SG and with intestinal sacs from the 
vounger animals. 

The results suggested that either the salicyl glucuronides 
formed in the intestine diffuse with difficulty through the mucosal 
surface, or they are accumulated in the fluid bathing the serosal 
surface by an active transport mechanism. The following 
evidence supports the former hypothesis and demonstrates that 
the mucosal surface is relatively impermeable to the salicy] 
glucuronides as compared to unconiugated salicylate. In 3 
experiments either acyl-SG and phenolic-SG (1.0 and 2.0 umoles 
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AGE OF GUINEA PIG 
Fic. 2. Formation of salicyl glucuronides by tissue slices of 
guinea pigs of various ages. The values for the glucuronides 
formed are expressed in mumoles per 500 mg. of wet weight of 
tissue slices. EB, salicv] acyl glucuronide; §§, phenolic 
glucuronide. 


TaBLe IV 


Salicyl glucuronide synthesis by tissue slices of 
newborn rabbits and rats 


No Liver* Small intestine Kidney 
Animal 
Phenolic- Phen- Phenolic- 

mals Acyl-SG SG Acyl-SG. olic-SG Acyl-SG SG 
Rabbit newborn 4 | 7 (2-12) 41-6) 0 63 (46-79) 13 (10-15) 
Rabbit mother. . | 2,5 6,10 (26, 45 4,4 3, 5 
Rat newborn 12 39 (35-44) 38 (18-55) 2 (0-3) 0 5 (0-11) | 2 (0-4) 
Rat mother 0 7 (4-10) 0 (3-7), 7 (015) (9-11) 


* The values listed are the mullimicromoles of salicy! ghucuronide formed per 500 
mg.of wet weight of tissue slices. For more than 2 animals the mean value is listed, 
with the range of values in parenthesis. 


Salicyl Glucuronides 


Vol. 234, No. 1 


TABLE V 
ratios, inside to outside, of salicyl glucuronides 
formed by everted gut-sacs of rabbits 


Concentration 


Concentration ratio, inside to outside* 


No. of rabbits Age of rabbits 


Acyl-SG Phenolic-SG 
| months | 
4 | <1 | 10.0 5.8 
4 1-3 | 5.0 3.8 
3 | >6 | 3.8 3.4 


* The mean values are listed. The concentration ratios vary 
significantly with the age of the rabbits. For aevl-SG, the vari- 
ance ratio, F = 37.9, and p < 0.001. For phenolice-SG, F = 538, 
and p < 0.05. 


respectively) or salicylate (2.0 umoles) was added to the medium 
outside the rabbit gut-sacs. Following the 2-hour incubation 
at 34°, the concentration ratios inside to outside were 0.4 to 
1.0 for unconjugated salicylate, but only 0.09 to 0.14 for the 
salicy] glucuronides.* 


DISCUSSION 


The sensitive salicylate conjugation methods provide evidence 
for glucuronide synthesis in more tissues than previously re- 
ported. Slices of small intestine of the guinea pig, rabbit, and 
hamster conjugate the carboxyl and phenol groups of salicylate 
more rapidly than do liver or kidney slices. Evidence that the 
conjugation products are glucuronides includes the hydrolysis 
of these compounds by bacterial 6-glucuronidase, and the forma- 
tion of salicyl hydroxamate, a derivative of acyl-SG which can 
be identified by paper chromatography. These observations 
confirm the conclusions of Hartiala (4), whose studies with 
o-aminophenol do not distinguish between conjugation with 
glucuronic acid or with sulfate. The urinary bladder is also 
active in salicyl glucuronide synthesis, whereas the lung and 
spleen form barely detectable quantities of the conjugates. 

The amounts and relative proportions of acyl-SG and phenolic- 
SG synthesized in vitro vary with the species, age, and nutritional 
state of the animal. Even in the same animal, different results 
are observed with different tissues. For example, in the guinea 
pig the small intestine forms twice as much phenolic-SG as 
acvl-SG, whereas the reverse is observed with the kidney. The 
enzymes active in the net synthesis of the glucuronides thus 
appear to vary in concentration or in substrate specificity in 
different tissues. 

The intestinal absorption of salicylate in vivo can occur by 
passive diffusion when the salicylate concentration in_ the 
intestinal lumen exceeds the concentration in the blood. The 
experiments with everted gut-sacs demonstrate an additional 


4Similar results have been obtained with salicylamide and 
crystalline salicylamide-O-glucuronide. The latter compound 
was estimated by the method for phenolic-SG, except that hy- 
drolysis with bacterial 6-glucuronidase (Sigma Chemical Com- 
pany) (500 units per ml., 38°, 18 hours) was used instead of acid 
hydrolysis. When salicvlamide (0.001 mM) was added to the ex- 
ternal medium, the resulting concentration ratios, inside to out- 
side, of the salicylamide-O-glucuronide formed were 6 and 3 in 
two experiments; over 90 per cent of the salicylamide added was 
conjugated. In 4 experiments salicylamide-O-glucuronide was 
added to the external medium, and the resulting ratios of the 
glucuronide, inside to outside, varied subsequently from 0.1 to 0.5. 
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absorptive mechanism which is not dependent on a salicylate 
concentration gradient from the lumen to the blood. In the 
latter mechanism, salicylate diffuses from the fluid bathing the 
intestinal mucosa into the mucosal cells and is conjugated there 
to form salicyl glucuronides. Inasmuch as the latter com- 
pounds apparently cannot diffuse freely through the mucosal 
surface, they accumulate in high concentration within the 
intestinal wall or within the fluid bathing the serosal surface of 
the everted gut-sac. Glucuronide formation does not appear 
to be an important mechanism for the absorption of salicylate 
in man. When human subjects were given 3 to 4 gm. of sali- 
cylate by mouth, the resulting concentrations of unconjugated 
salicylate in the plasma were 100 to 200 times the concentrations 
of the salicy]l glucuronides (2). 
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SUMMARY 


The carboxyl and phenol groups of salicylate are conjugated 
with glucuronic acid by slices of intestine, liver, kidney, urinary 
bladder, lung, and spleen. The enzymes involved appear to 
vary in concentration or in substrate specificity in different 
tissues. At birth some tissues are relatively inactive in salicylate 
conjugation, whereas others are more active than the adult 
tissues. The mucosal surface of the small intestine is more 
permeable to salicylate than to the salicyl glucuronides which 
are formed within the mucosal cells. Consequently the con- 
jugation of salicylate in the intestinal mucosa provides a mecha- 
nism for its intestinal absorption independent of salicylate 
concentration gradients from the intestinal lumen to the blood- 
stream. 
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Villarreal and Burgos (1) demonstrated both chemically and 
histochemically that both Mecholyl, in rats, and histamine, in 
frogs, not only increased the production of hydrochloric acid, but 
also increased the activity of succinic dehydrogenase of stomach. 
Recently, we confirmed the finding that succinoxidase activity 
was increased during the production of hydrochloric acid by the 
stomach of guinea pigs (2). A subsequent study was under- 
taken to determine the effect of histamine on hydrochloric acid 
production of the rat stomach and succinoxidase activity of the 
gastric intestinal mucosa. It was soon apparent that the oxygen 
uptake by rat gastrointestinal muscosal homogenates was ex- 
tremely variable; the Qo, (N) (microliters of oxygen uptake per 
mg. of nitrogen per hour) of this tissue in the presence of succinate 
varied from 0 to 210, although succinic dehydrogenase activity 
was always present as determined histochemically... The 
present paper presents evidence of an inhibitor of succinoxidase 
in the gastric intestinal mucosa of rats. This inhibitor accounts 
in part for the observed variation of succinoxidase activity in 
rat intestine. 


METHODS 


Adult male rats obtained from the Charles River Breeding 
Laboratory, Inc., Boston, Massachusetts, were used. The rats 
were fed Purina laboratory chow ad libitum. The rats were 
decapitated and blood was collected. The heart and intestinal 
tract were removed and washed with cold distilled water. The 
intestine was opened lengthwise and washed again. The 
mucosal surface was removed by scraping with a Stadie blade 
and was placed in cold distilled water and homogenized for 90 
seconds in a Potter-Elvejhem homogenizer. The hearts were 
squeezed through a 1-mm. wire mesh and homogenized in sim- 
ilar manner. Succinoxidase activity (2) and oxidative phos- 
phorylation of mitochondria (3) of intestinal mucosa were 
measured. Xanthine oxidase activity of heart, liver, and 
intestinal mucosa was measured according to the method of 
Axelrod and Elvejhem (4). Similar studies were conducted on 
gastrointestinal mucosa of young adult male guinea pigs. Hu- 


* Supported in part by grants-in-aid from the National Cancer 
Institute, National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland (Grants Nos. C-1323(C3) 
and C-2090(3)); the Fund for Research and Teaching, Department 
of Nutrition, Harvard School of Public Health; the Damon 
Runyon Memorial Fund for Cancer Research, Inc.; and the 
American Cancer Society. 

1M. Nakamura, unpublished observations. 


man tissues (stomach, small intestine, and colon) obtained at 
the time of surgery from seven patients were immediately placed 
in ice. The mucosal homogenate was prepared in the same 
manner as described for rat and guinea pig. The diagnosis and 
microscopic findings may be seen in Table I. 


RESULTS 


Rat and Guinea Pig Studies 


In 37 of 50 rats in which succinoxidase activity of the stomach 
and small intestinal mucosa was measured, no appreciable 
activity was demonstrable; eight of the animals had a Qo, (N) 
ranging from 50 to 100, and five had values ranging from 100 to 
210 (Table II). The xanthine oxidase activity of rat gastro- 
intestinal mucosa was quite constant, however, with an average 
Qo, (N) of 12. There was considerable succinoxidase activity 
in the gastrointestinal mucosa of five guinea pigs tested, with a 
mean Qo, (N) of 300. Only five animals were studied, since it 
had been shown previously that the succinoxidase activity of 
guinea pig intestinal mucosa is quite constant (2). The xanthine 
oxidase activity of guinea pig mucosa was reasonably constant 
and approximately equal to that found in rats. 

An example of the inhibitory effect of rat intestinal mucosal 
homogenates on the succinoxidase activity of guinea pig mucosal 
homogenates is seen in Fig. 1. The oxygen uptake of this 
guinea pig intestinal mucosal homogenate was approximately 
180 wl. in 30 minutes. However, the addition of 0.4 ml. of the 
rat gut homogenate to the guinea pig homogenate resulted in a 
significant decrease in oxygen uptake by guinea pig gut, from 
approximately 180 to 115 wl. in 30 minutes. 

Fig. 2 illustrates the effect of guinea pig and rat gut homog- 
enates on the succinoxidase activity of rat heart homogenates. 
The oxygen uptake by rat heart homogenates in the presence of 
succinate was approximately 200 ul. in 40 minutes, but it was 
markedly reduced by the addition of rat gut homogenate. On 
the other hand, the activity of the heart homogenate was not 
affected by the addition of an equal amount of guinea pig in- 
testinal mucosal homogenate. Figs. 2 and 3 are prepared from 
data obtained on single experiments which are typical of many 
observations. 

The percentage of inhibition of rat heart succinoxidase activity 
by rat intestinal mucosal homogenates was correlated inversely 
with the succinoxidase activity of the rat gut mucosa itself 
(Table III). Rat serum increased the succinoxidase activity of 
rat intestinal mucosa. These experiments were carried out at 
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TABLE I 
Human tissue studied 


Case No. and tissue Diagnosis 


Microscopic findings 


Gastritis 


8 Small intestine........... 
adenocarcinoma of colon 
4. Small intestine........... 
adenocarcinoma of colon 


Normal colon removed from a case of 
adenocarcinoma of colon 

a eat Normal colon removed from case of 
adenocarcinoma of colon 

Normal colon removed from case of 


adenocarcinoma of colon 


Normal ileum removed from case of 


Normal jejunum removed from case of 


Fundus showed decrease in parietal cells; there was minimal 
focal infiltration of lymphocytes and plasma cells 

Fundus showed normal numbers of parietal cells; minimal 
focal lvmphocytic activity 

Normal appearing ileum; edges of resection free of tumor 


Normal jejunum; edges of resection free of tumor 


Normal colon mucin-producing adenocarcinoma of colon; 
edges of resection free of tumor 

Microscopic findings: normal colon removed along with re- 
section of adenocarcinoma of colon; edges of resection free 
of tumor 

Normal colon removed along with resection of adenocarci- 
noma of colon; edges of resection free of tumor 


TaBLeE II 


Succinoridase and xanthine oxidase of rat and guinea 
pig intestinal mucosa homogenate 


Animal = Succinoxidase Xanthine oxidase 
Qo, (N) Qo, (N) 
Rat 37 <10 
8 50-100 
5 100-210 
3 12 + 0.16* 
Guinea pig 5 313 + 18* 12 + 0.21* 
* Standard error. 
UPTAKE 
(pl) 
200 
150 
100 
50 


10 20 30 
MINUTES 

Fig. 1. The inhibitory effect of rat intestinal mucosal homog- 
enates on the succinoxidase activity of guinea pig intestinal 
mucosal homogenates. O-——O, 0.3 ml. of guinea pig mucosal 
homogenate (1.54 mg. of nitrogen per flask); @ @, 0.3 ml. of 
rat mucosal homogenate (1.44 mg. of nitrogen per flask) ; *——x, 
0.4 ml. of rat mucosal homogenate plus 0.3 ml. of guinea pig 
mucosal homogenate; A——A, 0.8 ml. of rat mucosal homogenate 
plus 0.3 ml. of guinea pig mucosal homogenate. 


the same time, 7.e. the effect of serum on gut homogenate activity 
was determined on the same homogenate tested for its inhibitory 
effect on rat heart succinoxidase activity. In Table IIT it is 
shown that the greater the inhibition of heart succinoxidase 


UPTAKE 
(pl) 
300 
200 
100 


10 20 30 40 
MINUTES 


Fic. 2. The effect of rat or guinea pig intestinal mucosal homog- 
enates on the succinoxidase activity of rat heart homogenate. 
x——xX, 0.3 ml. of rat heart homogenate (0.55 mg. of nitrogen 
per flask); O——O, 0.3 ml. of rat heart homogenate plus 0.3 ml. 
of rat gut homogenate (1.84 mg. of nitrogen); @——@, 0.3 ml. 
of rat heart homogenate plus 0.3 ml. of guinea pig gut homog- 
enate (1.62 mg. of nitrogen). 


activity, the lower the oxidation of succinate by the rat gut 
homogenate itself. When the succinoxidase activity of rat 
heart homogenate was inhibited almost completely (90 per cent 
or more), the Qo, (N) of rat gut varied from 1 to 20. However, 
when there was only 10 to 30 per cent inhibition of heart enzyme 
activity, the Qo, (N) of rat gut varied from 15 to 104. The 
correlation coefficient between the amount of inhibition of heart 
enzyme activity by rat gut and the Qo, (N) of gastrointestinal 
mucosa is 0.92 and is significant at the 0.01 level. The ability 
of serum to increase the activity of rat gut homogenates was 
also correlated inversely with the activity of the gut alone. 
Thus, when gut homogenate greatly inhibited heart enzyme 
activity, the Qo, (N) of the mucosa was low and was greatly 
increased by serum. On the other hand, a gut homogenate 
which did not decrease heart enzyme activity greatly had a high 
Qo, (N). 


Human Studies 


The succinoxidase activity values (Qo, (N)) of two human 
stomachs were 491 and 301; of small intestine, 78 and 140; and 
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TABLE III 


Relationships between rate of inhibition of rat heart succinoridase 
by rat intestinal mucosa and succinoxidase activity of rat 
intestinal mucosa; effect of rat serum on rat 
intestinal succinoridase activity 


Succinoxidase activity of rat intestinal | 
Without serum | With serum 
Qo, (N) % 
l 20 120 >90 
2 10 60 >90 
3 1 22 >90 
4 1 100 >90 
5 10 ! 40 >90 
6 86 183 <20 
7 95 230 <20 
8. 77 183 <20 
9 7 155 <20 
10 15 | 30 30 
11 104 187 <10 
12 98 228 0) 
TaBLe IV 


Effect of human gastrointestinal mucosa on succinoxidase activity 
(Qo. (N)) of rat heart homogenates 


| Succinoxidase activity (Qos (N)) 


Human tissue 
Serum — 

minus plus 
Stomach 491 449 736 1043 
301 388 599 695 
Jejunum 78 72 514 756 
Tleum 140 210 802 768 
Colon 161 194 603 741 
| 266 222 602 1067 
=e 85 602 934 


of colon, 107, 161, and 266 (Table IV). The addition of rat 
serum was without effect on the succinoxidase activity of the 
human intestine, with the possible exception of the ileum, and 
perhaps only the ileal mucosal homogenate slightly inhibited 
rat heart succinoxidase activity. 

This inhibitor was extracted from rat intestinal mucosa by 
acetone. To the rat gut homogenate was added 3 times its 
volume of cold acetone (4°). The mixture was kept in the cold 
(4°) for about 1 hour and was then separated into acetone- 
soluble and acetone-insoluble fractions. After the acetone- 
soluble fraction was evaporated under nitrogen gas the aqueous 
solution, which was not clear and contained some insoluble 
material, was partially cleared upon neutralization with NaOH. 
Both the filtrate and the precipitate were tested for inhibitory 
activity on rat heart succinoxidase activity. As shown in Fig. 
3, the precipitate had no effect, whereas the acetone-soluble 
fraction completely inhibited the oxidation of succinate by rat 
heart homogenates. The same acetone extract precipitate and 
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filtrate of guinea pig intestinal mucosa, as well as of rat liver and 
kidney, failed to demonstrate inhibitory action. 

The “inhibitor” could be extracted from this aqueous, acetone- 
free solution by fat solvents such as ligroin, chloroform, ether, 
and ethanol. Heating at 100° for 5 minutes resulted in no ap- 
parent loss of inhibitory activity. 

The following enzyme systems were inhibited by the acetone 
filtrate prepared from rat intestinal mucosa, but were not 
inhibited by the acetone filtrate prepared from the intestinal 
mucosa of guinea pigs: 

1. Sueccinic dehydrogenase, as measured spectrophotomet- 
rically by the ferricyanide method (5) and manometrically with 
methylene blue and KCN (6). 

2. Cytochrome oxidase, measured manometrically with hy- 
droquinone (7). 

3. Sueccinic dehydrogenase, measured spectrophotometrically 
with cytochrome c (8). Succinic dehydrogenase activity of rat 
intestinal mucosa was always demonstrable histochemically. 

4. Oxidative phosphorylation by guinea pig intestinal mucosal 
mitochondria. Three different experiments with mitrochondria 
prepared from guinea pig intestinal mucosa resulted in mean 
P:O ratios of 0.98 and 3.15 in the presence of succinate and 
a-ketoglutarate, respectively. No oxidation or phosphorylation 
by rat intestinal mitochondria was observed. 

It is shown in Fig. 4 that the addition of the acetone filtrate 
prepared from rat intestinal mucosa increased the oxygen uptake 


by liver homogenates and did not inhibit the xanthine oxidase — 


activity of liver homogenates. However, heart homogenates, 


in contrast to the liver homogenates, were not rendered capable — 


of increasing oxygen uptake by the addition of this acetone 
filtrate or by the addition of xanthine. 

The acetone extract filtrate was separated into various com- 
ponents on a silica acid column according to the method de- 
scribed by Borgstrém (9). Of the components thus separated, 
only the free fatty acids inhibited the succinoxidase activity of 
rat heart homogenates. Phospholipides and neutral fat were 


UP TAKE 
(pl) 
200 
100 
10 20 30 40 
MINUTES 


Fic. 3. The demonstration of an inhibitor in the acetone filtrate 
of rat gut mucosal homogenates. O-——O, 0.3 ml. of rat heart 
homogenate (0.59 mg. of nitrogen); X*——X, 0.3 ml. of rat heart 
homogenate plus acetone precipitate of rat gut homogenate 


(0.915 mg. of nitrogen); @——@, 0.3 ml. of rat heart homogenate © 
plus filtrate of rat gut homogenate extracted with acetone (03° 


mg. of nitrogen). 
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0, UPTAKE 


(pl) 
mi. of .O25M XANTHINE 


ADDED 
200 
150 
100 


50 


10 


30 

MINUTES 

Fic. 4. The effect of an acetone filtrate of rat gut homogenates 
on rat liver and heart xanthine oxidase activity. O——O, liver 
homogenate (7.03 mg. of nitrogen) and 0.5 ml. of acetone filtrate; 
liver homogenate (7.03 mg. of nitrogen); A-——A, 
heart homogenate (5.90 mg. of nitrogen) and 0.5 ml. of filtrate; 
@——@, heart homogenate (5.90 mg. of nitrogen); e, endogenous 
respiration. 
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Fic. 5. A comparison of the inhibitory effects of the fatty acids 
extracted from rat gut mucosa and of pure neutralized fatty 
The rat heart homogenate contained 0.427 mg. of nitrogen 
per flask. 


The inhibitory effect of various fatty acids is 
shown in Fig. 5. The fatty acid(s) thus extracted from rat gut 
was similar to linoleic and to oleic acid in inhibitory effect. The 
iodine number of the extracted fatty acid(s)? was 111. Stearic 
acid, unlike unsaturated fatty acids, was much less inhibitory. 
Triolein caused little inhibition at relatively high concentrations. 


without effect. 
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The concentration of free fatty acid(s) extracted from rat in- 
testinal mucosa varied from 0.16 to 0.24 mg. per mg. of nitrogen, 
whereas guinea pig intestinal mucosa had a concentration of 
these fatty acids of approximately 0.005 mg. per mg. of nitrogen. 
These values tended to rise if the homogenates were allowed to 
stand. If guinea pig intestinal mucosal homogenates were al- 
lowed to stand for approximately 48 hours and then extracted, 
some inhibitory effect of the acetone extract filtrate on rat heart 
succinoxidase activity was demonstrable. 


DISCUSSION 


The results in this study account in large measure for the 
variability of the succinoxidase activity of rat intestinal mucosal 
homogenates. The effect of fatty acids on succinoxidase in- 
hibition has been demonstrated previously by other investigators 
(10). That unsaturated fatty acids inhibit to a larger extent 
than do saturated fatty acids was also demonstrated (10). It 
would appear that the fatty acids found in gastrointestinal 
mucosal homogenates of the rat behave more like unsaturated 
fatty acids than like saturated fatty acids. The possible meta- 
bolic role of these intestinal fatty acids is not clear. 

Previous studies have shown that the guinea pig differs from 
the rat (a) in its resistance to Aminopterin toxicity, (6) in its 
gastrointestinal content of folic and folinic acid, and (c) in the 
rates of P® incorporation into mucosal cells (11). The guinea 
pig, which has little demonstrable fatty acid in the intestinal 
mucosa, differs from the rat with regard to intestinal mucosal 
metabolism (11, 12). If these fatty acids are concerned with 
absorption of lipide across the mucosa, it would be of added 
interest. The rat, which is rather resistant to the production 
of atherosclerosis, is unlike the guinea pig (13), which is par- 
ticularly sensitive to atheromata. 

The effect of serum in increasing succinoxidase activity was 
probably due to the binding of free fatty acids of the gut homog- 
enate by the serum albumin. We have observed that human 
albumin has a similar effect on rat gut homogenates. 

Bennett and Connon (14) stated that the constituent of 
microsomal sediment from the small intestines of mice and rats 
which impaired the O. uptake of tumor cells was oleic acid. 
The fatty acid(s) extracted from intestinal homogenates closely 
resembled oleic acid in inhibitory effect. It has been suggested 
that fatty acids act to lvse the lipide component of the sue- 
cinoxidase enzyme rendering it inactive (10, 14). 


SUMMARY 


There exist in the intestinal mucosa of rats free fatty acids 
which appear to be of the unsaturated type. The guinea pig 
and human intestinal mucosa have little or no free fatty acid. 
These free fatty acids in the rat gut account, in part, for the 
great variation in the succinoxidase activity of rat intestinal 
mucosa. 
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A COMPLETE RADIOACTIVITY ANALYSIS LABORATORY 


THE NEW BAIRD-ATOMIC BASIC LABORATORY 
for SCINTILLATION, PROPORTIONAL, 
| and GEIGER counting 


A new, highly reliable analytical laboratory which offers complete count- 
ing facilities for most research and industria] radioisotope analyses. 


VERSATILE — Performs all types of gas and scintillation counting 
of alpha, beta, gamma, and x-rays with ease and precision. 


COMPLETE — Scaler, amplifier, timer, power supply, and detectors in- 
| cluded. All component instruments are selected for complete 
compatibility to deliver maximum performance. 


SXCELLENT REPRODUCIBILITY = In all three counting methods — 
provides integral spectra with both proportional and scintilla- 
tion counting. 


SEPARATE SYSTEMS = The B-A Basic Laboratory is available in 
| individual counting systems when all types of counting systems 
are not required. 

Scintillation Counting 
Proportional Counting 
Geiger Counting 


Accessories available: B-A Count Rate Meter and Geiger tube, Beta Sources, 
Gamma Sources, Carrying Case, and the Single Seale Logarithmic Gun type 
survey meter. 


For complete specifications on the Basic Laboratory and other Baird- 
Atomic systems, please request — on your Company letterhead — our 
new Atomic Systems Catalog A-2. 


Baird -Atomic, inc. = 
33 UNIVERSITY RD., CAMBRIDGE 38, MASS. enente 
Rastar Wralysia 
| 


i 4 


instrument 


designed to measure 


continuously... 
radioactive 
atmosphere 
and surface 

contamination! 


THE 


TRITIUM 
MONITOR 


MODEL TSM-91 | 


IDEALLY SUITED FOR THE 
MONITORING OF TRITIUM, ALPHA 
& OTHER LOW ENERGY _ 
BETA EMITTING RADIOISOTOPES 


Connections for external 
recorder 
Automatic signal alarm 


Includes ‘sniffer’ hose 
attachment 


@ Portable .. 
12 pounds 


For additional information 
write for bulletin TSM-91C 


ATO MIC 


weighs 


OCCESSOIIES INC 


244-02 JAMAICA AVE. 
BELLEROSE 26. 


Represented Nationally by 


ATOMIC ASSOCIATES, INC 7 


In Canada’ Radionics, Ltd 


CURRENT CONTENTS takes the big step 
towards saving time and money 
CURRENT CONTENTS, a weekly publication 
reproducing advance tables of contents 
of over 400 journals covering 
CHEMISTRY PHARMACOLOGY 
e CLINICAL AND 

EXPERIMENTAL MEDICINE 
e VETERINARY SCIENCE 
For additional information about 
your weekly service of 
Pharmaco-Medical Publications 
write to: 
EUGENE GARFIELD ASSOCIATES 
1523 SPRING GARDEN ST. 


PHILADELPHIA, PENNA. 


bio- 
chemical 
| A tracers! 
FATTY ACIDS 
INCLUDING 
PALMITIC ACID 6-C“ 
PALMITIC ACID 11-C“ 


PALMITIC ACID 1-C" 
OLEIC ACID 1-C"* 


@ AMINO ACIDS 
@ PURINES 
@ INTERMEDIATES 
@ KREBS CYCLE COMPOUNDS 
@ STEROIDS 
Labeled with H?, H’, Etc. 
IMMEDIATE DELIVERY 


For Detailed Information Regarding Tracers, and/or 
Counting Equipment Write— 
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expanded 12th 
Edition of the 
Emi Greiner 
catalog contains 
complete 
information on 
The World’s 
Largest 
Selection 

Of Laboratory 
Equipment and 
Apparatus 


x 


e NEW SECTIONS on Chromatography and Nuclear 
Radiation 

e EXPANDED SECTIONS on centrifuges, electrical test- 
ing equipment, clinical testing, petroleum test equipment, 
distillation equipment, polyethylene ware, many more. 

e COMPLETELY INDEXED, conveniently grouped 

alphabetically. 


The Emil Greiner Co., Dept. 236 
20-26 N. Moore Street, New York 13, N. Y. 


Gentlemen: Please send me a free copy of your expanded cata- 
log (12th Edition) 


mail coupon today! 


The EMIL INER Co. 


20-26 N. MOORE STREET 236 WN. ¥. 13, N. Y. 
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NOW 


AVAILABLE 


THE 


RADIORESPIROMETER 


for Quantitative Evaluation of Metabolic Pathways 
and Other Radioisotope Determinations 


The radiorespirometric method recently reported 
by Wang et al (J. Bacteriology, 76, 207, (1958)) makes 
it possible to identify and estimate metabolic path- 
ways for the utilization of various substrates in 
many biological systems. Using the Respirometer 
illustrated, the fate of individual C'*-labeled carbon 
atoms of a given substrate, such as glucose, is read- 
ily traced with respect to cellular respiration and 
biosynthesis. 

The apparatus is equipped with 12 or 14 sets of 
incubation flask—CO, trap assemblies. This permits 
the examination of 12 to 14 specifically C-labeled 
compounds in a given experiment. The gas distribu- 
tion system is devised to allow the use of two dif- 
ferent incubation atmospheres concurrently. An 
aeration pump and reagent supply system are also 
available. 


RESEARCH DIRECTOR 


Position open in Los Angeles pharmaceutical 
laboratory for Research Chemist with Ph.D. 
in Organic Chemistry or Bio-Chemistry. Ex- 
perience required in vitamin technology. 


Excellent salary and conditions. 
Laboratories well located near best residential 
areas in Metropolitan Los Angeles. 


Write, submitting resume of qualifications, to: 


Wo. T. THOMPSON 

% Won. T. THompson Co. 

2727 HYPERION AVENUE 

Los ANGELES 27, CALIFORNIA 
or 

3028 Locust STREET 

St. Louis 3, Missouri 


For detailed information send for Bulletin. 


Krishell Laboratories, Inc. 
1735 S. E. Powell Blvd. 
Portland 2, Oregon 


Trelease: HOW TO 
WRITE SCIENTIFIC 
AND TECHNICAL 
PAPERS 


“The statement, in the preface of this manual ‘Few 
people, in fact, like to write,’ is the chief reason that 
this book should be of interest and value. ... The 
author ‘takes the hand’ of the beginner and guides him 
through the paths of authorship. So carefully is the 
beginner guided by the author that no person with 
knowledge to impart should be reluctant to start on 
the journal. From the choice of material for publication, 
through the many phases of research, writing, typing, 
proof-reading and illustration, the details are spelled 
out clearly and with ample reference suggestions. Dr. 
Trelease’s present book is an outgrowth of two earlier 
books. In its new form, the book should serve not only 
as an aid, but also as an inspiration to the novice in the 
writing field.”—J. Am. A. Nurse Anesth. 

By F, TRELEASE, Columbia University 
185 pp., 6 figs. (1958) © $3.25 


THE WILLIAMS & WIL Takes COMPANY 
Ql f G./ ttn! 


BALTIMORE 2, MD. 
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A Portion of the 


SIGMA REAGENT CATALOG 


One of a series of advertisements which will reproduce the complete list. 


Complete list available promptly on request. 
Other package sizes shown in complete catalog. 


1 gram 
100 mg 


HEXOKIN ASE, Type IV May be available. 
Activity approx. 300,000 K.M. units per gm. 
HEXOKINASE, Type V 
Activity 500-600,000 K.M. units per gm. May be_ 1 gram 
available. 100 mg 
HEXOKINASE—Higher Purity and Crystalline 
HISTIDINE DECARBOXYLASE (pfs) 1 gram 
HOG KIDNEY, ACETONE POWDER i0grams 
HOMOGENTISIC ACID (pfs) 
DL-HOMOSERINE (pfs) 1 gram 
HYALURONIC ACID, Sodium Salt (pfs) 1 gram 
(From Human Umbilical Cord) High Purity 50 mg 


HYALURONIDASE (pfs) Bovine Testes 1 gram 
HYDANTOIN-5-ACETIC ACID (pfs) 1 gram 
HYDROCORTISONE, alcohol 100 mg 
or acetate (pfs) 10 grams 
17-a-HYDROXY-21-ACETOXYPREG- 

NAN-3, 20-DIONE (pfs) 1 gram 
17-HYDROXY-21-ACETOXYPREG- 1 gram 
NENOLONE (pfs) 200 mg 
38-HYDROXYALLOPREGNAN.-20- 1 gram 

ONE (pfs) 
a-HYDROXYBUTYRIC ACID, 5 grams 
B-HYDROXYBUTYRIC ACID (pfs) 5 grams 
a-HYDROXYCAPROIC ACID (pfs) 1 gram 
a-HYDROXY-68-CYCLOHEXYLPRO- 
PIONIC ACID (pfs) 
17a-HYDROXY-20-8, 21, DIACE- grem 
TOXY-4-PREGNEN-3-ONE (pfs) 200 mg 
5-HYDROXY INDOLE-3-ACETIC 1 gram 
ACID (pfs) 100 mg 


a-HYDROXYISOBUTYRIC ACID (pfs) 5 grams 
a-HYDROXYISOCAPROIC ACID 1 gram 
a-HYDROXYISOVALERIC ACID 1 gram 
5-HYDROXY LYSINE HCI, (DL + ALLO) 1 gram 
(pfs) 250 mg 


5-HYDROXYMETHYL CYTOSINE 500 mg 
(pfs) (4-Amino-2-hydroxy-methyl- 1 gram 
pyrimidine) 5 grams 


B-HYDROXY-s-METHYLGLUTARIC 
ACID (pfs) 
2-HYDROXY-6-METHYLPURINE (pfs) 1 gram 


(6-Methy]-2-oxy purine) 100 mg 
4-HYDROXY-5-METHYL-2-THIO- 1 gram 

PYRIMIDINE (Thio-thymine) (pfs) 5 grams 
4-HYDROXY-6-METHYL-2-THIO- 25 grams 

PYRIMIDINE (pfs) (6-Methyl-4-oxy-2- 100 grams 


thiopyrimidine) 


TELEPHONE COLLECT from anywhere in the world—Day, Station to Sta- 
tion, PRospect 1-5750—Night, Person to Person, Dan Broida, WYdown 3-6418 
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45.00 
8.00 


120.00 
22.00 


Inquire 


15.00 
5.00 


Inquire 
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a-HYDROXY-8-METHYLVALERIC 


ACID (pfs) Inquire 
2-HYDROXY-3-NAPHTHALDEHYDE 

(pfs) Inquire 
2-HYDROXY-3-NAPHTHOIC HY- 

DRAZIDE (pfs) Inquire 


p-HYDROXYPHENYLPYRUVIC ACID, 500 mg 3.75 
Sodium Salt (pfs) 5 grams 20.00 

17-a-HYDROXYPREGNENOLONE 
1 gram 8.75 


(pfs) 
17-»-HYDROXYPROGESTERONE 

(pfs) 1 gram 6.25 
2-HYDROXYPURINE (pfs) 1 gram 50.00 
2-HYDROXY-6-THIOPURINE (pfs) See 6-Thioxanthine 
6-HYDROXY-2-THIOPURINE (pfs) See 2-Thioxanthine 
4-HYDROXY-2-THIOPYRIMIDINE (pfs) See 2-Thiouracil 


5-HYDROXYTRYPTAMINE, 1 gram 15.00 
CREATININE SULFATE Complex 500 mg 9.00 
(Serotonin) (M.P. 214-215°C) (pfs) 100 mg 3.00 

5-HYDROXYTRYPTOPHANE (DL) 1 gram 40.00 
(pfs) When available 100 mg 6.00 

a-HYDROXYVALERIC ACID 1 gram 11.00 

HYPOXANTHINE (pfs) 1 gram 2.00 


IDP—See Inosine Diphosphate 

IM P—See Inosinie Acid 

1-5-P—See Inosinie Acid 

ITP—See Inosine Triphosphate 

INDOLE-3-ACETIC ACID (pfs) 5 grains 4.00 
INDOLE-ACRYLIC ACID (pfs) 1 gram 4.00 
B-INDOLYL ACETONITRILE (pfs) 5 grams 14.50 


INOSINE 5’DIPHOSPHATE, Sodium 1 gram 95.50 
Salt, Sigma. Prepared from ATP extracted from 500 mg 57.50 
muscle or yeast. 100 mg 19.25 

INOSINE 5’TRIPHOSPHATE, Sodium 1 gram 35.25 


Salt, Sigma. 98-100%. From Muscle or Yeast 100 mg 7.25 
INOSINE 5’MONOPHOSPHATE See Inosinie Acid 
5’-INOSINIC ACID Sigma, Crystalline, 1 gram 

Inosine-5-Phosphorie Acid. Also Sodium Salt. 500 mg 6.00 


Both 99-100°%. Derived from muscle or yeast. 250 mg 3.60 
Crystalline Inosinie Acid or Crystalline Sodium 
Inosinate were prepared in the Sigma Labora- 
tories for the first time anywhere. 
o-IODOSOBENZOIC ACID 1 gram 3.28 
ISOBARBITURIC ACID (pfs) 1 gram 6.00 
(2, 4, 5-Trihydroxypyrimidine) 5grams 25.00 
ISOCITRIC ACID LACTONE, DL, 1 gram 7.70 
Allo-free (pfs) 31.00 


SIGMA 


CHEMICAL COMPANY 


3500 DeKalb St., St. Louis 18, Mo., U.S.A. 


MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 
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Differentiates renal 
insufficiency from primary 
renal disorders... 


The Journal of Biological Chemistry 


Atlas & Gaberman: REVERSIBLE 
RENAL INSUFFICIENCY— 


Diagnosis and Treatment 


The major objective of this book is to enable the clinician to differentiate 
acute and chronic conditions associated with reversible renal insufficiency 
from primary renal disorders which progress inexorably to fatal uremia. 
From this follows the second objective—to change the all too hopeless 
attitude toward the patient with acute and chronic renal disease and to 
emphasize that, with careful thought and patience, proper treatment often 
results in reversibility and prolongation of life. 

Because it is a timely evaluation of a problem as fundamental as shock 
itself, and because it is clearly written and superbly documented, this 
monograph recommends itself to students as well as to nephrologists, 
physiologists, internists, and surgeons. 


Contents: PART I. ACUTE RENAL INSUFFICIENCY. Pathology, 
pathophysiology of urinary suppression. Diagnosis of acute renal 
insufficiency. Differential diagnosis. Clinical aspects of acute renal 
insufficiency. Laboratory studies. Conservative management. Radical 
treatment of acute renal insufficiency. Part II. Coronic RENAL 
INSUFFICIENCY. Disturbances of calcium metabolism associated with 
potentially reversible chronic renal insufficiency. Other conditions 
associated with potentially reversible chronic renal insufficiency. 


By Donatp H. Attias, M.D., Ph.D., F.A.C.P., Associate Professor of 
Medicine, Northwestern University School of Medicine; Attending Physician, 
Cook County and Mt. Sinai Hospitals of Chicago; Senior Attending 
Physician, The Columbus Hospital of Chicago; and PETER GABERMAN, 
M.D., Late Associate Professor of Medicine, The Chicago Medical School; 
Late Altending Physician, Cook County and Mt. Sinai Hospitals of 

Chicago 


250 pp., 19 figs, 1958 @ $7.00 
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Specify 


microbiological reagents and media 


now you can weigh 


MILLIGRAMS 


SECONDS 


to 
MICROGRAM 


ACCURACY 


with the 


CAHN ELECTROBALANCE 


A major advance in weighing instrumentation 
combining a novel application of physical 
principles with modern engineering design, 
the Cahn Electrobalance is unaffected by vi- 
bration, or temperature change. You can use 
it anywhere, and depend on it. 

The beam balances in a few seconds 
Especially fast for weighing out pre- 
determined amounts. 

One-Knob, one-dial operation 
makes it exceptionally easy to use. 


Precise and Accurate 
It is really six balances in one. 


. the only complete line of 


Culture Media 
Microbiological Assay Media 
Tissue Culture and Virus Media 
Bacterial Antisera and Antigens 
Diagnostic and Serological Reagents 
Sensitivity Disks Unidisks 
Peptones Hydrolysates Amino Acids 
Enzymes Enrichments Dyes _ Indicators 
Carbohydrates Biochemicals 


over 60 years’ experience in the 
preparation of Difco products assures 


UNIFORMITY 
STABILITY ECONOMY 


Complete Stocks Fast Service 
24-hour Shipment 
Difco Manual and other descriptive 
literature available on request 


DIFCO LABORATORIES 
DETROIT 1, MICHIGAN 


| Range Precision Accuracy 
0-1 mg. 1 microgram 1.0 microgram 
0-5 mg. 1 microgram 2.5 micrograms 
0-10 mg. 2 micrograms 5.0 micrograms 
0-20 mg. 5 micrograms. | 12.0 micrograms 
0-50 mg. 8 micrograms 30.0 micrograms 
0-100 mg. 25 micrograms {100.0 micrograms 


Get complete information 
new research tool by writ 


Instrument Company 


14511 Paramount Blvd Paramount Calif 


let us know if you would like a demonstration in your lab 


BLICKMAN 


SAFETY ENCLOSURES 


MICRO- 
BIOLOGICAL 
SAFETY 

CABINET 


with filter 
canister 


Stainless steel enclosures 
for handling hazardous substances 


Safety is the first consideration in this special- 
purpose equipment. These enclosures make it 
safer—and easier—for the technician to work 
with contaminants, micro-organisms, live 
viruses and radioactive substances. Stainless 
steel, crevice-free, with rounded corners, for 
easy and sure cleaning. Write for technical bul- 
Jetin A-6 and illustrated folder describing 22 
different enclosures. S. Blickman, Inc., 9701 
Gregory Avenue, Weehawken, New Jersey. 


BLICKMAN 
SAFETY ENCLOSURES 


Look for this symbol of quality [TRE 
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To be published February, 1959 


ANNUAL REVIEW OF ENTOMOLOGY 


Volume 4 (approx. 472 pages) 


Contents: 
Culture of Insect Tissues...M/. F. Day and T. D. C. Grace 


Pheromones (Ectohormones) in Insects 
P. Karlson and A. Butenandt 


Taxonomic Problems with Closely Related Species 
W.J. Brown 


Ecology of Cerambycidae................... E.G. Linsley 
Biology of Aphids. ...J. S. Kennedy and H. L. G. Stroyan 
The Biology of Parasitic Hymenoptera........ R. L. Doutt 
Bioclimatic Studies with Insects.......... P. S. Messenger 


Ethological Studies of Insect Behavior.....G. P?. Baerends 


Editors: E. A. STEINHAUS 
Associate Editor: R. F. Smitru 


Experimental Host-Parasite Populations. ...... T’. Burnett 
Biological Control of Weeds with Insects...C. B. Huffaker 
Microbial Control of Insect Pests.............. Y. Tanada 


On the Mode of Action of Insecticides 
F. P. W. Winteringham and S. E. Lewis 


Biological Assay of Insecticide Residues. ....S. Nagasawa 
Deciduous Fruit Insects and Their Control... M. Barnes 


Seed Treatment as a Method of Insect Control 
W.H. Lange, Jr. 


Insects and the Epidemiology of Malaria. ...P. F. Russell 


$7.00 postpaid (U.S.A.); $7.50 postpaid (elsewhere) 
ANNUAL REVIEWS, INC., Grant Avenue, Palo Alto, California 


PHOTOVOLT 


Line-Operated 
Multiplier 


FLUORESCENCE 


METER 
Nod. 540 


- High-sensitivity for measurement of low concentrations 
(full-scale setting for 0.001 microgram quinine sulphate) 
- Micro-fluorimetry with liquid volumes as low as 1 ml 
- Low blank readings, strict linearity of instrument response 
- Universally applicable due to great variety of available filters, 
sample holders, adapters, and other accessories 
- Interference filters for high specificity of results and for 
determining spectral distribution of the fluorescent light 
- High-sensitivity nephelometry for low degrees of turbidities 
- Fluorescence evaluation of powders, pastes, slurries, and solids 
also for spot-tests on filter paper without elution 


Write for Bulletin * 392 to 


PHOTOVOLT CORP. 


95 Madison Ave., New York 16, N. Y. 
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Only... 


the world’s largest 
RESEARCH BIOCHEMICALS 
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GREATEST ECONOMY 


A COMPLETE SELECTION OF MORE THAN 
200 NUCLEOPROTEINS aud DERIVATIVES 


Typical Derivatives 


Adenosine Triphosphate Uridylic Acid 

Cytidine Uridine 

Cozymase 2, 6 Diamino Purine Sulfate 
Coenzyme I, II, A 8 Aza Guanine 

Cytosine 8 Aza Thymine 

6 Mercaptopurine Glucose-6-Phosphate 


NUTRITIONAL 
BIOCHEMICALS 
CORPORATION 


21010 MILES AVE. * CLEVELAND 28, OHIQ mon 
Write Dept. 105 
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